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INTRODUCTION 

T h e r e  have  been  a number o f  s t u d i e s  d e a l i n g  w i t h  t h e  impact  o f  
v a r i o u s  c a t a l y s t s  i n  c o a l  g a s i f i c a t i o n  ( 1 , 2 , 3 , 4 , 5 )  and one  c a t a l y t i c  
p r o c e s s  f o r  SNG ( 6 )  h a s  been o p e r a t e d  s u c c e s s f u l l y  i n  a l a r g e  p i l o t  
p l a n t .  T h i s  p a p e r  a n a l y z e s  t h e  p o t e n t i a l  v a l u e  o f  c a t a l y s t s  i n  c o a l  
g a s i f i c a t i o n .  The p a p e r  w i l l  f i r s t  d i s c u s s  what i s  t h e  p rope r  o p e r a t i n g  
range  f o r  a g a s i f i e r  b y  r ev iewing  t h e  thermodynamic and k i n e t i c  
c o n s t r a i n t s  o f  c o a l  g a s i f i e r s ,  t h e n  a n a l y z e  t h e  q u e s t i o n  a s  t o  what 
t y p e  of c a t a l y s t  i s  r e a l l y  r e q u i r e d .  Both s y n g a s  p r o c e s s e s  and SNG 
p r o d u c t i o n  w i l l  be d i s c u s s e d .  

i n  c o a l  g a s i f i c a t i o n .  

(8)  t h a t  t h e r e  would b e  a s i g n i f i c a n t  p r o c e s s  advan tage  f o r  a c a t a l y s t  
t h a t  cou ld  o p e r a t e  a t  1000-llOO°F. 
t e m p e r a t u r e s  c o n t a i n s  m a i n l y  C H 4  and CO . 
r e q u i r e m e n t s  a r e  l o w  and  c a n  b e  s u p p l i e a  by s u p e r h e a t e d  s t eam,  which 
s i m p l i f i e s  t h e  p r o c e s s  c o n s i d e r a b l y .  Steam c o n v e r s i o n  is low, b u t  t h i s  
d i s a d v a n t a g e  is overcome by t h e  o t h e r  a d v a n t a g e s  of  such  a s i m p l e  
p r o c e s s .  The l o w e s t  o p e r a t i n g  t e m p e r a t u r e  t h a t  h a s  been a c h i e v e d  w i t h  
good c o n v e r s i o n  o f  ca rbon  and s team is  1300OF. 
r e q u i r e s  a v e r y  h i g h  c o n c e n t r a t i o n  o f  po ta s s ium hydrox ide  or po tas s ium 
c a r b o n a t e  i n  t h e  c o a l .  A s  r e c o v e r y  i s  d i f f i c u l t ,  t h e  h i g h  
c o n c e n t r a t i o n  o f  p o t a s s i u m  i n c r e a s e s  c a t a l y s t  l o s s e s  and r e d u c e s  t h e  
economic i n c e n t i v e .  A t  a t e m p e r a t u r e  o f  1300°F s i g n i f i c a n t  amounts o f  
C O  and H a r e  formed. The p r o c e s s  deve loped  by Exxon s e p a r a t e s  t h e s e  
g a s e s  f r & n  t h e  methane  and r e c y c l e s  them t o  t h e  r e a c t o r .  
a c a t a l y s t  w i th  a h i g h  m e t h a n a t i o n  a c t i v i t y .  W e  w i l l  show t h a t  a 
c a t a l y s t  o p e r a t i n g  a t  1400-1500° c o u l d  a l s o  be a c c e p t a b l e  bu t  t h e  
p r o c e s s  would have  t o  b e  m o d i f i e d .  By p r o p e r  m o d i f i c a t i o n  t h i s  p r o c e s s  
should  be  c o m p e t i t i v e  w i t h  t h e  p r o c e s s  proposed  by  Exxon and c o u l d  
u t i l i z e  c h e a p e r  c a t a l y s t s ,  o r  lower  c a t a l y s t  c o n c e n t r a t i o n s .  

2 )  Syngas  G e n e r a t i o n .  In syngas  g e n e r a t i o n  t h e  thermodynamic 
optimum ( 8 )  is a t  c o n d i t i o n s  where c o a l  g a s i f i c a t i o n  is f a s t .  However, 
f o r  many c o a l s  i t  is  d i f f i c u l t  t o  o p e r a t e  a t  t h e s e  c o n d i t i o n s .  The 
o n l y  g a s i f i e r  t h a t  h a s  a c h i e v e d  o p e r a t i o n  c l o s e  t o  t h e  thermodynamic 
optimum is  t h e  B r i t i s h  Gas C o r p o r a t i o n  s l a g g i n g - t y p e  g a s i f i e r  o r  BGC 
s l a g g e r .  However, t h e  BGC s l a g g e r  is n o t  s u i t a b l e  f o r  a l l  Coa l s .  I n  
f l u i d  bed g a s i f i e r s ,  o n e  h a s  t o  o p e r a t e  a t  lower  t e m p e r a t u r e s  t o  
p r e v e n t  a g g l o m e r a t i o n  or a s h  m e l t i n g .  Under such  c o n d i t i o n s  h i g h  
c o n v e r s i o n  of t h e  c h a r  is d i f f i c u l t  a s  t h e  g a s i f i c a t i o n  r e a c t i o n  i S  
v e r y  s low a t  t e m p e r a t u r e s  below 1700'F i f  c h a r  c o n v e r s i o n  is  t o  exceed 

There a r e  a few s e p a r a t e  a r e a s  i n  which c a t a l y s t s  would be v a l u a b l e  

1) SNG P r o d u c t i o n .  In  SNG p r o d u c t i o n  i t  h a s  a l r e a d y  been shown 

The g l o b a l  e q u i l i b r i u m  a t  t h e s e  
The r e a c t i o n  h e a t  

Opera t ing  a t  1300' 

T h i s  r e q u i r e s  

70% (9) * 
The Winkler  g a s i f i e r  a s  well a s  p r e s e n t  second g e n e r a t i o n  f l u i d  bed 

g a s i f i e r s  f o r  s y n g a s  a l l  o p e r a t e  i n  a p a r t i a l  o x i d a t i o n  reg ime which 
r educes  t h e i r  t h e r m a l  e f f i c i e n c y  and i n c r e a s e s  t h e  amount o f  oxygen 
r e q u i r e d .  A p r o p e r  c a t a l y s t  o p e r a t i n g  a t  1500-1fi00°F c o u l d  a l l o w  h i g h  
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carbon and steam conversion and could 
operating problems faced by all fluid ged gasifiers. 

significantly contribute to improved coal gasification processes is in 

the coal prior to feeding it to the gasifier. However, this leads to 

and prevent efficient heat recovery from the product gas. If those 

devolatilization zone itself to methane and char, this would simplify 
the process scheme. 

4) Improved Devolatilization. In a two-stage process, the results 
obtained in the devolatilization zone are very important. The amount 
of Coal devolatilized in this stage as well as the product distribution 
strongly depends on the devolatilization conditions. A proper catalyst 
could change both the product yield and product distribution in the 
devolatilizaton zone. 

Aside from the development of the Exxon process, most work on the 
effect of catalysts has concentrated on item two: acceleration of the 
gasification reaction. Almost no measurements are available as to 
whether these catalysts also accelerate the methane formation reaction, 
nor is there any reported study of the effect of catalysts on items 3 
and 4 listed above. 

1) Use of Catalysts in SNG Production 

discussed in detail in (ref. lo), and we will here only summarize them. 

otentially solve the inherent 

3 )  Gas Cleanup. The third area in which catalysts could 

1 the area of gas cleanup. There is a strong advantage in devolatilizing 

l the formation of tars and phenols which require expensive gas cleanup, 

I products could be cracked at high temperatures, preferably in the 
I 

Let us now shortly discuss each item separately. 

The thermodynamic and kinetic constraints of SNG processes are 

Present catalysts do not promote the direct reactions 
1) C + H20 -> 1/2CH4 + 1/2C02 

1.5C + H20 -> 1/2CH4 + CO 2) 

In present gasifiers and catalysts, methane is formed in several 

1) devolatilization of coal 
2)  
3) hydrogasification of coal 

ways: 

reaction between CO and H20 o r  CO and H2 

The CO, H2 and C02 are formed by the reaction 

C + H20 -> CO + H2 3 )  

CO + H 0 -> C02 f H 4) 
Methanation of CO f o r  C02) with2hydrogen by the reaction 

CO + 3H2 -> CH4 + H20 5 )  

requires (10) that the CH, concentration is lower than: 

where K is the equilibrium constant of reaction 5 .  
This onyy occurs when the CH4 concentration is less than required by 
global equilibrium. 

generated by gasification is therefore limited by global equilibrium 
over char (10). There is one exception. At high temperatures the 
amount of methane generated by devolatilization is larger than is 
consistent with global equilibrium. This excess methane will react 

In the gasification zone the maximum amount of methane that can be 

67 



wi th  s team i n  t h e  r e v e r s e  r e a c t i o n  (10).  However, i f  t h i s  r e a c t i o n  is 
s low,  t h e  methane  c o n c e n t r a t i o n  a t  t h e  g a s i f i e r  o u t l e t  w i l l  be  above  
t h e  g l o b a l  e q u i l i b r i u m .  

I f  SNG is  t h e  d e s i r e d  p r o d u c t ,  t h e n  t h e r e  is an  advan tage  t o  
i n c r e a s i n g  t h e  d i r e c t  methane y i e l d  i n  t h e  g a s i f i e r .  We d e f i n e  h e r e  
d i r e c t  methane y i e l d  f o r  a n  SNG p r o c e s s  a s  

D i r e c t  methane  y i e l d  = CH4 
C H 4 +  $CO+ H2) 

where [CH ] ,[CO] a n d  [H2] a r e  t h e  molar  f r a c t i o n s  o f  t h e s e  compounds i n  
t h e  g a s i f f e r  o u t l e t .  
p roduc t  i on .  
1) I t  r e d u c e s  t h e  c l e a n u p  c o s t  o f  t h e  p roduc t  gas .  
2 )  I t  r e d u c e s  t h e  h e a t  r e q u i r e m e n t s  i n  t h e  g a s i f i c a t i o n  zone ( o r  t h e  
r e c y c l e  r e q u i r e m e n t s  i n  t h e  Exxon p r o c e s s ) .  T h i s  is o n l y  c o r r e c t  i f  
t h e  methane f o r m a t i o n  o c c u r s  i n  t h e  g a s i f i c a t i o n  zone. I f  t h e  C o  
formed i n  a h i g h  t e m p e r a t u r e  zone r e a c t s  t o  methane i n  a low 
t empera tu re  zone ,  t h i s  d o e s  n o t  reduce  t h e  h e a t  r e q u i r e m e n t s .  

methane formed i n  t h e  d e v o l a t i l i z a t i o n  zone (10).  T h i s  r e q u i r e s  a 
c o u n t e r c u r r e n t  scheme such  a s  t h e  one g i v e n  i n  F ig .  1, model 2. T h i s  
scheme can b e  approx ima ted  i n  a f l u i d  bed by u s i n g  a two-s t age  g a s i f i e r  

such  a s  i n  model 3 .  Both c o u n t e r c u r r e n t  schemes have  t h e  f u r t h e r  
advantage  t h a t  t h e  c o a l  is p rehea ted  w i t h  g a s i f i e r  e f f l u e n t s .  The 
d i f f e r e n c e  i n  t h e  thermodynamic c o n s t r a i n t s  between model 2 and 3 i s  
s m a l l .  W e  w i l l  t h e r e f o r e  use  model 3 f o r  p r e s e n t i n g  o u r  r e s u l t s .  

g a s i f i e r  d e s i g n .  I n  a c o u n t e r c u r r e n t  o r  moving bed o r  two-s t age  
g a s i f i e r ,  t h e  methane  from d e v o l a t i l i z a t i o n  h a s  no impact  on  t h e  g l o b a l  
e q u i l i b r i u m .  In a o n e - s t a g e  g a s i f i e r  t h i s  methane is  g e n e r a t e d  i n  t h e  
g a s i f i c a t i o n  zone and  a f f e c t s  t h e  e q u i l i b r i u m .  

There a r e  no a c c u r a t e  e s t i m a t e s  a s  t o  how much methane is formed 
by d e v o l a t i l i z a t i o n .  T h i s  s t r o n g l y  depends  on c o a l ,  o p e r a t i n g  
c o n d i t i o n s ,  t e m p e r a t u r e  and of p a r t i a l  p r e s s u r e  o f  s team and hydrogen 
The b e s t  e s t i m a t e s  we have  a r e  from t h e  BGC s l a g g e r  and t h e  Dry Ash 
Lurg i ,  though i n  b o t h  c a s e s  t h e  f low is c o u n t e r c u r r e n t  and p a r t  o f  t h e  
methane c o u l d  be formed by me thana t ion  i n  t h e  c o o l  zone j u s t  below t h e  
d e v o l a t  i l  i z a t  i on  zone .  

Our e s t i m a t e s  o f  t h e  methane formed by d e v o l a t i l i z a t i o n  a r e  t a k e n  
from r e f .  11. There  is one  more f a c t o r  t h a t  a f f e c t s  d i r e c t  methane  
y i e l d .  Wi thou t  a c a t a l y s t  me thana t ion  is s low.  Some c a t a l y s t s  promote 
g a s i f i c a t i o n  ( r e a c t i o n  3 ) ,  b u t  do  no t  promote m e t h a n a t i o n .  We c a n  
t h e r e f o r e  l o o k  a t  a l i m i t i n g  c a s e  i n  which no m e t h a n a t i o n  o c c u r s  i n  t h e  
g a s i f i e r  . 
t y p e s  o f  g a s i f i e r s  o p e r a t i n g  a t  g l o b a l  e q u i l i b r i u m  wi th  E a s t e r n  c o a l .  
We choose  E a s t e r n  c o a l  a s  o u r  main example s i n c e  t h e  main need f o r  a 
c a t a l y s t  is i n  t h e  g a s i f i c a t i o n  o f  E a s t e r n  c a k i n g  c o a l s .  W e  g i v e  
d i r e c t  methane y i e l d  r a t i o  f o r  two p r e s s u r e s  ( 4 0 0  and 1000 p s i a )  and 
f o r  two g a s i f i e r  models .  One, ( c u r v e  B ) ,  is a s i n g l e  s t a g e  mixed 
g a s i f i e r .  For  i t  w e  p r e s e n t  two l i m i t i n g  c a s e s .  I n  t h e  f i r s t  we 
assume g l o b a l  e q u i l i b r i u m  i n  t h e  g a s i f i c a t i o n  zone. I n  t h e  second 
( cu rve  D )  w e  assume t h a t  no me thana t ion  o c c u r s  i n  t h e  g a s i f i e r ,  o n l y  
d e v o l a t i l i z a t i o n .  ~f t h e  methane y i e l d  a t  g l o b a l  e q u i l i b r i u m  is h i g h e r  
t h a n  t h a t  formed by d e v o l a t i l i z a t i o n ,  we assume i t  t o  be e q u a l  t o  t h a t  
formed by d e v o l a t i l i z a t i o n .  ~f i t  is lower ,  w e  assume t h a t  i t  i s  equa l  
t o  g l o b a l  e q u i l i b r i u m .  T h i s  assumpt ion  makes s e n s e  a t  h i g h  t empera tu re  

I n c r e a s i n g  t h i s  r a t i o  h a s  two a d v a n t a g e s  f o r  SNG , 

The d i r e c t  y i e l d  c a n  be  i n c r e a s e d  by p r o p e r  u t i l i z a t i o n  o f  t h e  

The maximum d i r e c t  methane y i e l d  w i l l ,  t h e r e f o r e ,  depend a l s o  on 

In F ig .  2 t h e  d i r e c t  methane y i e l d  r a t i o  is  p l o t t e d  f o r  s e v e r a l  
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s i n c e  t h e  methane s t eam r e a c t i o n  is f a s t  w i t h o u t  a c a t a l y s t .  

(model 111). Here ,  we a l s o  g i v e  two c a s e s .  One ( c u r v e  A)  i n  which t h e  
methane fo rma t ion  i n  t h e  g a s i f i c a t i o n  zone is a t  g l o b a l  e q u i l i b r i u m .  
The o t h e r  ( c u r v e  C )  where no methane f o r m a t i o n  o c c u r s  i n  t h e  
g a s i f i c a t i o n  zone. 

e q u i l i b r i u m .  Oxygen and s team a r e  f ed  t o  t h e  g a s i f i e r  a t  1000°F. W e  
n o t e  t h a t  a t  low t e m p e r a t u r e s  (be low 1700'F) t h e r e  is v e r y  l i t t l e  
d i f f e r e n c e  between c u r v e  C and D. A t  s t i l l  lower  t e m p e r a t u r e s  t h e  
d i f f e r e n c e  between A and B d i s a p p e a r s .  The main adven tage  of p r i o r  
d e v o l a t i l i z a t i o n  is a t  h i g h e r  t e m p e r a t u r e s .  A t  1500 F t h e  advan tage  i n  
t e rms  o f  d i r e c t  methane y i e l d  is s i g n i f i c a n t  o n l y  f o r  t h e  c a s e  where we 
have a c a t a l y s t  t h a t  p romotes  m e t h a n a t i o n  i n  t h e  g a s i f i c a t i o n  zone. 

W e  n o t e  in  F ig .  2 t h a t  w h i l e  i n c r e a s e d  p r e s s u r e  ( F i g .  2b) 
i n c r e a s e s  t h e  d i r e c t  methane y i e l d ,  t h e  t r e n d s  a r e  s i m i l a r  i n  b o t h  
c a s e s .  The main impact  of i n c r e a s e d  p r e s s u r e  is  t o  s h i f t  t h e  c u r v e s  
towards  h i g h e r  temper a t  u r e s  . 

I n  F ig .  3 we g i v e  t h e  oxygen and s team r e q u i r e m e n t s  f o r  SNG 
p r o d u c t i o n  a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  a two-s tage  c o u n t e r c u r r e n t  
and a one-mixed-stage g a s i f i e r .  The oxygen and s t eam r e q u i r e m e n t  a r e  
g i v e n  i n  t h e  form o f  t h e  per formance  pa rame te r  proposed  i n  r e f .  ( 7 )  and 
( 8 ) .  

W e  a l s o  g i v e  t h e  r e s u l t s  f o r  a two-s tage  c o u n t e r c u r r e n t  g a s i f i e r  

F ig .  2 is  based  on an oxygen s team g a s i f i e r  o p e r a t i n g  a t  

H 2 0 t  4 0 2  
E =  CH4 C O + H 2  t 4 C H q  

which is  p r o p o r t i o n a l  t o  t h e  e n e r g y  r e q u i r e m e n t s  t o  g e n e r a t e  t h e  f e e d  
f o r  0.25 mole CH . (The 0.25 CH was chosen  t o  make t h e  p a r a m e t e r  
comparable  t o  thd  per formance  pa fame te r  used f o r  syngas  and f u e l  g a s ,  
s e e  l a t e r ) .  

d i f f e r e n t  weight  t o  t h e  oxygen and s team r e q u i r e m e n t s  i n  t h e  f e e d .  
T h i s  we igh t ing  f a c t o r  is  based on ene rgy  r equ i r emen t  o f  t h e  f e e d  and 
c o r r e l a t e s  q u i t e  w e l l  w i t h  t o t a l  c o s t  o f  t h e  f eed  p r e p a r a t i o n .  Oxygen 
use a l s o  i n v o l v e s  a n o t h e r  p e n a l t y .  I f  i ts  u s e  is more t h a n  r e q u i r e d  by 
t h e  s t o i c h i o m e t r y  (8,13), i t  r e d u c e s  t h e  c o l d  g a s  e f f i c i e n c y .  To 
e v a l u a t e  t h i s  we need a comple t e  h e a t  b a l a n c e  o f  t h e  g a s i f i e r .  
However, s i m p l i f i e d  per formance  c r i t e r i a  s u c h  a s  g i v e n  h e r e ,  g i v e  a 
r e a s o n a b l e  p i c t u r e  of  t h e  impact  o f  p r o c e s s  p a r a m e t e r s  on c o s t  and 
the rma l  e f f i c i e n c y .  

E a s t e r n  c o a l .  None o f  these  is r e a l l y  commerc ia l ,  b u t  t h e  d a t a  i n  
e i t h e r  f o r  a semi-commercial  o p e r a t i o n  (Dry Ash L u r g i ,  BGC s l a g g e r ,  
Texaco) ,  o r  a l a r g e  p i l o t  p l a n t  ( s h e l l ,  Wes t inghouse ) .  W e  a l s o  g i v e  
t h e  per formance  o f  t h e  Exxon p r o c e s s  i n  an  e q u i v a l e n t  form. The Exxon 
g a s i f i e r  d o e s  n o t  u se  oxygen. I t  r e d u c e s  t h e  h e a t  o f  r e a c t i o n  r e q u i r e d  
by c r y o g e n i c a l l y  s e p a r a t i n g  t h e  CO and H from t h e  methane  and 
r e c y c l i n g  them t o  t h e  g a s i f i e r .  
is s u p p l i e d  by s u p e r h e a t i n g  t h e  r e c y c l e  s t r e a m  t o  1500°F by b u r n i n g  
p a r t  o f  t h e  p r o d u c t  g a s .  We t r y  t o  p r e s e n t  t h i s  g a s i f i e r  h e r e  i n  an  
e q u i v a l e n t  form by  u s i n g  an e q u i v a l e n t  amount o f  oxygen. T h i s  is 
o b t a i n e d  by computing t h e  e n e r g y  used by  t h e  c r y o g e n i c  s e p a r a t i o n  
p r o c e s s  pe r  mole n e t  methane produced and c o n v e r t i n g  i t  t o  oxygen by 
computing t h e  number o f  moles  o f  oxygen t h a t  c o u l d  b e  produced  by t h e  
same ene rgy .  T h i s  is r e a s o n a b l e  a s  t h e  c o s t  o f  an  oxygen p l a n t  and o f  
t h e  c r y o g e n i c  s e p a r a t o r  a r e  q u i t e  s i m i l a r  i f  based  on  t h e  same e n e r g y  
consumpt ion .  

T h i s  pa rame te r  is  an approx ima te  per formance  pa rame te r  which g i v e s  

In  F ig .  3 we a l s o  g i v e  a c t u a l  r e s u l t s  f o r  d i f f e r e n t  g a s i f i e r s  f o r  

The r e m i i n i n g  s m a l l  h e a t  o f  r e a c t i o n  

We n o t e  t h a t  a p r o c e s s  o p e r a t i n g  w i t h  oxygen a t  1500°F c l o s e  t o  
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e q u i l i b r i u m  would have  an advan tage  i n  terms o f  e n e r g y  expanded ove r  
t h e  Exxon p r o c e s s  a s  p roposed .  

a c a t a l y s t  t h a t  o p e r a t e s  a t  low t e m p e r a t u r e s .  A t  h igh  t e m p e r a t u r e s  
such  a s  i n  a s l a g g e r ,  i t  would n o t  a & f e c t  ateam and oxygen consumpt ion .  
But a t  low t e m p e r a t u r e s  such  a s  1400 -1500 F i ts  e f f e c t  would b e  v e r y  
b e n e f i c i a l .  However, i n  t h i s  c a s e  i t  is  e s s e n t i a l  t h a t  t h e  c a t a l y s t  
promotes t h e  m e t h a n a t i o n  r e a c t i o n .  

A two-s t age  scheme based  on such  a c a t a l y s t  a t  1500'F would be  
c o m p e t i t i v e  i n  t e r m s  o f  e f f i c i e n c y  wi th  t h e  Exxon g a s i f i e r  o p e r a t i n g  a t  
1300'F. I t s  o v e r a l l  t he rma l  e f f i c i e n c y  would be s l i g h t l y  b e t t e r  or 
equa l  and i n v e s t m e n t  c o s t  would be lower  e s p e c i a l l y  i f  t h e  h i g h e r  
t empera tu re  l e a d s  t o  f a s t e r  r e a c t i o n s  and lower r e s i d e n c e  t i m e s .  

The main problem would be  t h e  agg lomera t ion  o f  c a k i n g  c o a l s .  
P r e t r e a t m e n t  w i th  a c a t a l y s t  seems t o  p r e v e n t  t h i s  phenomenon. Another 
way o u t  i s  u s e  o f  a h i g h  v e l o c i t y  mixing  zone i n t o  which t h e  f r e s h  c o a l  
is i n t r o d u c e d .  

I n t r o d u c t i o n  o f  f r e s h  oxygen c a n  a l s o  c a u s e  a l o c a l l y  e x c e s s i v e  
t empera tu re  t h a t  would l e a d  t o  a g g l o m e r a t i o n .  One way o f  minimiz ing  
t h i s  is t o  i n t r o d u c e  t h e  oxygen t o g e t h e r  w i t h  t h e  s team and some 
r e c y c l e  g a s  (o r  c o a l  f i n e s ) .  T h i s  would r a i s e  s t eam t e m p e r a t u r e  i n  t h e  
f e e d .  By p r o p e r  d e s i g n  o f  t h e  s team n o z z l e s  and t h e  mixing zone ,  t h i s  
h e a t  would b e  e a s i e r  t o  d i s s i p a t e  t h a n  t h e  h e a t  g e n e r a t e d  by  d i r e c t  
c o m b r ? r ? r ? r u s t i o n  o f  oxygen i n s i d e  t h e  g a s i f i e r .  
? r  There  is  t h e r e f o r e  a s t r o n g  i n c e n t i v e  t o  l o o k  f o r  cheap  
c a t a l y s t s ? r  o p e r a t i n g  a t  1400'F t o  1500'F p rov ided  t h e y  n o t  o n l y  
a c c e l e r ? r ? r ? r a t e  t h e  g a s i f i c a t i o n  r e a c t i o n  b u t  a l s o  t h e  m e t h a n a t i o n  
r e a c t i o n .  I f  t h e y  promote  g a s i f i c a t i o n  o n l y ,  w e  r e a l l y  d e a l  w i t h  a 
c a s e  i d e n t i c a l  t o  f u e l  o r  syngas  p r o d u c t i o n  which w i l l  be  d i s c u s s e d  i n  
t h e  n e x t  s e c t i o n .  

is not  c l e a r  t h a t  a c h e a p  e f f i c i e n t  g a s i f i c a t i o n  c a t a l y s t  o p e r a t i n g  a t  
1500°F w i l l  a l s o  promote  me thana t ion .  
c a t a l y s t  b u t  l o s e s  i t s  a c t i v i t y  i n  t h e  p r e s e n c e  o f  s u l p h u r .  Su lphur  
r e s i s t a n t  m e t h a n a t i o n  c a t a l y s t s  a r e  known b u t  a r e  expens ive .  

r e p o r t  t h e  g a s i f i c a t i o n  r a t e  and do n o t  measure t h e  e f f e c t  o f  t h e  
c a t a l y s t  on m e t h a n a t i o n .  

a b l e  t o  g e t  a v e r y  s i m p l e  p r o c e s s  o f  s u p p l y i n g  t h e  p r o c e s s  h e a t  w i t h  
s u p e r h e a t e d  s team i n  a one - s t age  f l u i d  bed .  A t  1400-l5OO0F t h e  most 
promis ing  c a n d i d a t e  would be a two-s t age  f l u i d  b e d ,  t h e  upper  s t a g e  
o p e r a t i n g  a round 12QO'F and t h e  lower  s t a g e  a t  1400-150O0F. Heat could  
b e  s u p p l i e d  e i t h e r  bry d i r e c t  oxygen i n t r o d u c t i o n  o r  by s u p e r h e a t i n g  t h e  
steam t o  h i g h  t e m p e r a t u r e s  w i t h  oxygen and raw p r o d u c t  g a s .  
2 )  Syngas and Fue l  P r o d u c t i o n  

Syngas p r o d u c t i o n  is s i m i l a r  t o  f u e l  g a s  p r o d u c t i o n ,  w i th  one 
i m p o r t a n t  d i f f e r e n c e .  In f u e l  g a s  p r o d u c t i o n  t h e  p e r c e n t a g e  o f  methane 
i n  t h e  g a s  is i r r e l e v a n t .  I n  syngas  p r o d u c t i o n  t h e r e  is a premium f o r  
methane f r e e  syngas .  

t h e  p r e s e n c e  o f  methane  up t o  a c e r t a i n  amount (10% of  syngas )  h a s  o n l y  
a low p e n a l t y  i n  t h e  syngas  c o n v e r s i o n  p r o c e s s .  On t h e  o t h e r  hand ,  
t h e r e  is  a s e v e r e  p e n a l t y  t o  o p e r a t e  a g a s i f i e r  s u c h  t h a t  t h e  methane 
formed by d e v o l a t i l i z a t i o n  is d e s t r o y e d .  The d i f f e r e n c e  i n  c o s t  f o r  
syngas  from a BGC s l a g g e r  a s  compared t o  a S h e l l  or Texaco g a s i f i e r  is 
s u c h  t h a t  t h e  i n c r e m e n t a l  methane formed i n  t h e  s l a g g e r  is v e r y  cheap ,  
b o t h  i n  t e r m s  o f  i n c r e m e n t a l  i nves tmen t  and c o a l  u se .  

F i g s .  2 ,  3 and 4 g i v e  us a good p i c t u r e  o f  t h e  p o t e n t i a l  v a l u e  o f  

A t  1400°-15000F t h e r e  is v e r y  l i t t l e  chance  o f  a s h  a g g l o m e r a t i o n .  

One might  even  c o n s i d e r  us ing  a combina t ion  o f  two c a t a l y s t s  a s  i t  

I r o n  is  a good me thana t ion  

R e g r e t t a b l y ,  most s t u d i e s  i d  c a t a l y s i s  i n  c o a l  g a s i f i c a t i o n  o n l y  

I f  such  a c a t a l y s t  would o p e r a t e  a t  1l0O-l20OoF, t h e n  one  would be  

For some s y n g a s  p r o c e s s e s  such  a s  methanol  and F i s c h e r  Tropsch ,  

We t h e r e f o r e  would l i k e  t o  have  a g a s i f i e r  s u c h  a s  t h e  s l a g g e r .  
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Fig .  5 compares t h e  oxygen and s team r e q u i r e m e n t s  ( r e p o r t e d  a s  H o + 
40  ) f o r  a u n i t  o f  syngas .  I t  is j u s t  a r e p l o t  o f  Fig.  3 a s  w e  i l ea l  
hege wi th  t h e  same c o n s t r a i n t s .  
( h a l f  o f  f i n a l  p r o d u c t ) ,  and t h e r e f o r e  use  a s  a c r i t e r i o n  

We g i v e  h e r e  methane a reduced  v a l u e  

- H 2 0 +  4 0 2  
C O + H ~ +  2 ~ ~ 4  

For f u e l  g a s  t h e  denomina to r  would change  t o  C0+0.85H +2.83CH4 
( s e e  r e f .  8 ) .  
c o n c l u s i o n s  f o r  f u e l  g a s  would b e  v e r y  s i m i l a r .  

Looking a t  t h i s  r a t i o  f o r  t h e  v a r i o u s  c a s e s  i n  F ig .  5 ,  we n o t e  
a g a i n  t h e  advan tage  o f  a two-s tage  c o u n t e r c u r r e n t  u n i t .  W e  a l s o  n o t e  
t h a t  t h e  optimum is c l e a r l y  a t  a h igh  t a m p e r a t u r e  e s p e c i a l l y  i f  w e  want 
t o  minimize  methane a t  t h e  same the rma l  e f f i c i e n c y .  A c a t a l y s t  would 
n o t  change  t h a t .  A l l  a c a t a l y s t  would do is  t o  a l l o w  o p e r a t i o n  a t  
lower  t e m p e r a t u r e  c l o s e  t o  t h e  e q u i l i b r i u m  l i n e .  

Tha t  means we would have t o  pay a p r i c e  f o r  o p e r a t i n g  a t  l ower  
t e m p e r a t u r e .  T h i s  is j u s t i f i e d  i f  we need a g a s i f i e r .  f o r  c o a l s  n o t  
s u i t e d  f o r  t h e  s l a g g e r ,  o r  want t o  h a n d l e  f i n e s .  It  may a l s o  l e a d  t o  
s i m p l e r ,  more r o b u s t  g a s i f i e r s .  

Another g o a l  would be  a g a s i f i e r  f o r  a s m a l l e r  p l a n t  i n  which 
s i m p l i c i t y  has  a h i g h  v a l u e .  The t a r s  found i n  t h e  s l a g g e r  make t h e  
t o t a l  sys tem q u i t e  complex and less  s u i t a b l e  f o r  s m a l l e r  s i z e d  p l a n t s .  

Here a g a s i g i e r  o p e r a t i n g  c l o s e  t o  e q u i l i b r i u m  a t  t e m p e r a t u r e s  
a round 1500-1800 F cou ld  have s i g n i f i c a n t  advan tages .  We want t h e  
t e m p e r a t u r e  t o  be a s  h i g h  a s  p o s s i b l e ,  c l o s e  t o  t h e  l i m i t  d i c t a t e d  b y  
agg lomera t ion .  However, g a s i f i c a t i o n  a t  t h e s e  t e m p e r a t u r e s  is s low.  
T h i s  is  e s p e c i a l l y  t r u e  a t  h i g h  ca rbon  c o n v e r s i o n .  G a s i f i c a t i o n  r a t e  
seems t o  d r o p  s e v e r e l y  a s  c o n v e r s i o n  exceeds  70% ( 9 ) .  One way t o  
a c h i e v e  h igh  c o n v e r s i o n  is  t o  o p e r a t e  wi th  e x c e s s  oxygen. P a r t i a l  
combust ion  of c h a r  t o  C O  is f a s t .  One t h e n  h a s  t o  remove t h e  excess 
h e a t .  One can e i t h e r  o p e r a t e  a t  v e r y  h igh  t e m p e r a t u r e s  i n  a s i n g l e  
s t a g e  g a s i f i e r  ( S h e l l ,  Koppers Totzek  and Texaco) or use  e x c e s s  s t eam 
o r  r e c y c l e  g a s  a s  a c o o l a n t  (Wink le r ,  Wes t inghouse ) .  T h i s  r e d u c e s  t h e  
the rma l  e f f i c i e n c y ,  a s  can  be  no ted  from F i g s .  4 and 5. 

A l l  p r e s e n t  f l u i d  bed g a s i f i e r s  o p e r a t e  i n  t h e  p a r t i a l  combust ion  
r eg ime ,  u s ing  l a r g e  e x c e s s e s  o f  oxygen and s team a s  compared t o  
e q u i l i b r i u m  requ i r emen t .  We d e f i n e  t h i s  reg ime o f  t h e  oxygen-to- 
c o n v e r t e d  c o a l  r a t i o  ( 8 ) .  I f  t h i s  exceeds  t h e  r a t i o  r e q u i r e d  t o  
c o n v e r t  a l l  ca rbon  t o  CO w e  c a l l  t h e  g a s i f i e r  a p a r t i a l  combus to r .  

Ref.  ( 8 )  shows t h a t  t h e  c r i t i c a l  r a t i o  o f  O2 t o  c a r b o n  t h a t  
d i s t i n g u i s h e s  g a s i f i c a t i o n  from p a r t i a l  combust ion  can be  d e f i n e d  f o r  a 
c o a l  o f  compos i t ion  CHaOb a s  

B u t  h e r e  we a r e  i n t e r e s t e d  i n  syngas .  The & e r a 1 1  

I - b  
2 %,it - 

The v a l u e s  of R f o r  an  e q u i l i b r i u m  g a s i f i e r  w i t h o u t  methane f o r m a t i o n  
i n  t h e  g a s i f i c a t i o n  zone was g i v e n  i n  F ig .  4 .  Values  o f  t h e  
West inghouse  p i l o t  p l a n t ,  a s  w e l l  a s  o t h e r  g a s i f i e r s ,  a r e  g i v e n  i n  t h e  
same p l o t .  We n o t e  t h a t  w h i l e  a l l  e q u i l i b r i u m  g a s i f i e r s  have  a v a l u e  
o f  R less  than  RcEA,.Ccal o n l y  t h e  c o u n t e r c u r r e n t  g a s i f i e r s  a c h i e v e  s u c h  
low v a l u e  and i n  s e n s e  t h e y  a r e  a t  p r e s e n t  t h e  o n l y  t r u e  
g a s i f i e r s .  Cheap c a t a l y s t s  c o u l d  a l l o w  f l u i d  b e d s  t o  o p e r a t e  i n  t h e  
same regime and t h e r e b y  i n c r e a s e  t h e i r  e f f i c i e n c y .  

r e a c t i o n  ( 3 )  a t  h i g h  c o a l  c o n v e r s i o n  and t e m p e r a t u r e s  o f  a b o u t  1600'F. 
S e v e r a l  cheap  c a t a l y s t s  t e s t e d  seem t o  have  t h e  p r o p e r t y  and m e r i t  
f u r t h e r  i n v e s t i g a t i o n .  

Here,  t h e  o n l y  c a t a l y s t  p r o p e r t y  t h a t  c o u n t s  is  promot ion  o f  
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3 )  
One p o t e n t i a l  a r e a  o f  c a t a l y s i s  t h a t  h a s  been c o m p l e t e l y  n e g l e c t e d  

i s  t h e  d i r e c t  r e a c t i o n  o f  c o a l  w i th  H and steam. When c o a l  
d e v o l a t i l i z e s  p r i m a r y  p y r o l y s i s  p r o d u z t s  a r e  formed (1,12,13,14), which 
t h e n  e i t h e r  decompose i n t o  c h a r  and g a s e s  o r  r e a c t  w i th  s team o r  
hydrogen .  Sometimes t h i s  is c a l l e d  a c t i v e  c h a r ,  b u t  we r e a l l y  d e a l  
w i t h  a r e a c t i o n  o f  p y r o l y s i s  i n t e r m e d i a t e s  w i t h  s t e a m  ( o r  h y d r o g e n ) .  
T h i s  r e a c t i o n  c a n  be  promoted by h igh  t e m p e r a t u r e s  and h i g h  s team o r  
hydrogen p r e s s u r e .  T h i s  i n v o l v e s  o t h e r  p e n a l t i e s .  An a t t r a c t i v e  
a l t e r n a t i v e  would be  a c h e a p  c a t a l y s t  t h a t  p romotes  t h e  r e a c t i o n  o f  
p y r o l y s i s  p r o d u c t s  w i t h  s team.  To b e  r e a l l y  a t t r a c t i v e  t h i s  c a t a l y s t  
shou ld  p r e f e r a b l y  a l s o  promote t h e  decompos i t ion  o f  t a r s  and p h e n o l s  
and should  o p e r a t e  a t  modera te  p r e s s u r e s  ( 4 0 0  p s i )  and low t e m p e r a t u r e s  
( less t h a n  1400'F). 

Shinna r  e t  a l .  (10) d i s c u s s  thermodynamic r e a s o n s  why d i r e c t  
r e a c t i o n  o f  c o a l  w i t h  s t eam is  n o t  l i k e l y .  I t  is  much more l i k e l y  t o  
i n v o l v e  an  i r r e v e r s i b l e  i n t e r m e d i a t e  s t e p ,  which would l e a d  t o  t h e  
o v e r a l l  r e a c t i o n  
c o a l  + s t eam ( o r  hydrogen)  -> p r o d u c t s  + c h a r  

s u c h  r e a c t i o n  i n  t h e  p r e s e n c e  o f  c a t a l y s t s  a t  r e a s o n a b l e  t e m p e r a t u r e s  
and p r e s s u r e s  c o u l d  be  of s i g n i f i c a n t  v a l u e .  Another item is t h e  
d e c o m p o s i t i o n  o f  t a r s  and pheno l s  found d i r e c t l y  i n  t h e  
d e v o l a t i l i z a t i o n  s t a g e ,  a t  r e a s o n a b l y  low t e m p e r a t u r e s  ( 1 1 0 0 - 1 2 0 0 ° F ) .  
Here  t h e r e  a r e  a r a n g e  of c a t a l y s t s  t h a t  c o u l d  have  t h i s  e f f e c t .  The 
problem is t h a t  s u c h  c a t a l y s t s  must be e f f e c t i v e  i n  r e a s o n a b l y  s m a l l  
amounts.  O t h e r w i s e ,  t h e  a s h  removal problem becomes more d i f f i c u l t .  
4 )  Gas c l e a n u p  

D e v o l a t i l i z a t i o n  o f  c o a l  l e a d s ,  i n  a d d i t i o n ,  t o  methane ,  CO and  
H a l s o  t o  t a r s  and p h e n o l s .  I n  a two-s tage  f l u i d  bed i t  would b e  
d8 ; i r ab le  t o  decompose them i n  t h e  d e v o l a t i l i z a t i o n  zone ,  which should  
be  p o s s i b l e  and c o u l d  b e  one  of t h e  main a d v a n t a g e s  o f  f l u i d  bed  
g a s i f i e r s .  However, i n  a s l a g g e r  t h i s  i s  i m p o s s i b l e  and i t  would be  
v e r y  d e s i r a b l e  i f  we had a c a t a l y s t  which c o u l d  decompose t h e s e  t a r s  
and oxygena te  w i t h  low e x c e s s  o f  s t eam,  which is  p r o b a b l y  v e r y  ha rd  t o  
a c h i e v e .  However, t h e  g a s  i n  a Dry Ash Lurgi  used f o r  Western  c o a l s  
c o n t a i n s  a l m o s t  50% e x c e s s  s team.  A c a t a l y s t  t h a t  decomposes a l l  
p h e n o l s  and t a r s  would make g a s  c l e a n u p  and was te  wa te r  removal s i m p l e r  
and cheape r  f o r  s u c h  a g a s i f i e r  and cou ld  have  s i g n i f i c a n t  v a l u e  i f  Dry 
Ash Lurgi g a s i f i e r s  e v e r  become more w i d e l y  used. 
Summary and Conc lus ion  

S e v e r a l  key  a r e a s  have  been i d e n t i f i e d  i n  which p r o p e r ,  c h e a p  
d i s p o s a b l e  c a t a l y s t s  c o u l d  have s i g n i f i c a n t  impact  on c o a l  g a s i f i c a t i o n  
p r o c e s s e s .  

For S N G  p r o d u c t i o n  i t  would be d e s i r a b l e  t o  f i n d  a c h e a p e r  
throwaway c a t a l y s t  o p e r a t i n g  a t  low t e m p e r a t u r e s ,  p r e f e r a b l y  be low 
1200'F.  
s i g n i f i c a n t  a d v a n t a g e s  w i t h  a c a t a l y s t  o p e r a t i n g  a t  1400-1500°F 
prov ided  t h e  c a t a l y s t  ( o r  m i x t u r e  o f  c a t a l y s t s )  p romotes  bo th  
g a s i f i c a t i o n  and m e t h a n a t i o n  o f  CO. A g a s i f i e r  d e s i g n  t h a t  c o u l d  
u t i l i z e  such a c a t a l y s t  i n  an o p t i m a l  way is descr ibed .  

A c a t a l y s t  t h a t  would promote d i r e c t  f o r m a t i o n  o f  methane ( w i t h o u t  
CO and H a s  i n t e r m e d i a t e )  would be d e s i r a b l e  a t  h i g h  t e m p e r a t u r e s  bu t  
no such z a t a l y s t  i s  i n  s i g h t .  

F o r  s y n g a s  p r o d u c t i o n  t h e  a d v a n t a g e s  a r e  s m a l l e r  and we r e q u i r e  a 
c a t a l y s t  t h a t  p romotes  g a s i f i c a t i o n  w i t h o u t  promot ing  m e t h a n a t i o n .  
Such a c a t a l y s t  c o u l d  overcome t h e  i n h e r e n t  d i s a d v a n t a g e s  o f  f l u i d  beds 
and a l l o w  development  o f  e f f i c i e n t  f l u i d  bed g a s i f i e r s .  

Another  a r e a  d i s c u s s e d  is c a t a l y s t s  t h a t  would promote b e t t e r  
y i e l d s  i n  t h e  d e v o l a t i l i z a t i o n  s e c t i o n  by promot ing  t h e  r e a c t i o n s  o f  

Devola t i l  i za t i  on 

The amount o f  c h a r  c o u l d  be  q u i t e  s m a l l  ( l e s s  t h a n  4 0 % ) .  S tudy  o f  

As such  a c a t a l y s t  is n o t  i n  s i g h t ,  one cou ld  a l s o  a c h i e v e  
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P y r o l y s i s  p r o d u c t s  w i t h  s team a t  low t e m p e r a t u r e s  and p r e s s u r e s ,  t o  
p r e v e n t  t h e i r  p o l y m e r i z a t i o n .  

Also  o f  p o t e n t i a l  impor t ance  i s  t h e  c a t a l y t i c  decompos i t ion  o f  
t a r s  and oxygenated  compounds i n  t h e  o f f g a s e s  o f  a Lurg i  Dry Ash 
g a s i f i e r .  
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Fig. 2. 
~ f f e c c  of pressure. tempere.ture. qasifier design and promotion of the merhanarlon reaction. 

A )  

Direct  ethane Yield in a S t e a m  Oxygen-Blwn coal Gasifier a t  Global Equilibrium. 

hro-stage C O U ~ L E I C U ~ ~ E ~ ~  gasifier (model 111, rig. I ) :  
temperature stage ( l O O O ° F ) .  
(Temperature shown is temperature of high temperature stagel. 

Devolat11tzat~on in 1w 
Global equilibrium over char in high temperature stage. 

8)  One-stage mixed gasifier, g l o ~ a l  equ~librium. 
c )  
D) 

similar t o  A .  but no mathane formation in gasifier stage. 
one-stage mixed gasifier, with devalatillration (see t e x t ) .  
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DETERMINATION OF THE INTRINSIC ACTIVITY AND EFFECTIVE 
DIFFUSIVITY OF AGED COAL LIQUEFACTION CATALYSTS* 

H. P. Stephens and F. V. Stohl 

Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Although severe, rapid catalyst deactivation remains a major 
economic impediment to the production of liquid fuels from coal by 
direct processing, there have been few quantitative investigations of 

r /  aged catalyst intrinsic activity and effective diffusivity. This study 
reports a method for determining these important properties under 
experimental conditions that accurately model actual conditions for the ' processing of coal-derived liquids. The power of the technique has been 
demonstrated by determination of the intrinsic hydrogenation activity 
and effective diffusivity of catalysts obtained from the Wilsonville, 

I Alabama coal liquefaction test facility. In addition, modeling of the 
experimental results has conclusively identified the modes of catalyst 
deactivation. 

The values of intrinsic catalyst activity and effective diffusivity 
reported here are based on kinetic measurements of .the catalytic hydro- 
genation of pyrene. Pyrene was chosen as a chemical probe of these 

' properties because it appears to play a key role (1,2) as a hydrogen 
) transfer agent in coal liquefaction: hydropyrenes are good hydrogen 

donors: they have low vapor pressures at liquefaction temperatures: and 
significant amounts are found in liquefaction solvents ( 3 ) .  

From determination of the pyrene hydrogenation rate constants for 

whole extrudates, the fraction deactivated and the Thiele modulus, which 
relates the intrinsic rate constant to the extrudate effective diffusi- 

catalysts have allowed the contribution of deactivation due tc metallic 
contaminants to be separated from that due to carbonaceous material, and 
thus has allowed the mode of deactivation for each contaminant to be 
determined. 

' pairs of experiments, one with powdered catalyst and the other with 

! vity, were determined. Experiments with fresh, aged and regenerated 

THEORY OF DIFFUSION AND REACTION OF PYRENE IN CATALYSTS 

Pyrene Hydrogenation Kinetics 
Although pyrene (Py) is catalytically hydrogenated to several 

products, under the conditions used in this study the major product is 
4,5-dihydropyrene (H2Py). Previous work (4.5) has shown that the 
hydrogenation of pyrene (reaction Cl]) can be precisely described by 
pseudo first order reversible kinetics (equation c21): 

- 
7 This work supported by the U. S. Dept. of Energy at Sandia 

National Laboratories under contract DE-AC04-76DP00789. 
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X 
In --&- = kt 

'e 't 
c 2 1  

where k is the sum of the forward (kl) and reverse (k-1) rate 
constants, and Xt and Xe are the extents of reaction of pyrene to 
dihydropyrene at time t and equilibrium. Xt is calculated directly 
from the experimental product distribution: 

C3 1 

Xe is calculated from the experimentally observed hydrogen pressure p 
and the pressure equilibrium constant Kp: 

where: 

1 CH2PYIe 
P-P- K -  

C41 

C51 

Catalyst Activity and Effective Diffusivity 

surface area used for chemical reaction is given by the effectiveness 
factor E ,  defined as the ratio of the actual reaction rate for the 
extrudate to the intrinsic reaction rate (i.e., without diffusion resis- 
tance). The effectiveness factor may be determined from the intrinsic 
rate constant (ki) for experiments with finely powdered catalyst and 
the apparent rate constant (ka) for experiments with whole catalyst 
extr uda tes 

Fresh Catalysts. For fresh catalyst extrudates, the fraction of the 

k 

ki 
E = ?  C6l 

Upon solving the differential equation for simultaneous diffusion and 
reaction in a catalyst particle (6), it is found that the effectiveness 
factor is a function of the Thiele modulus, h: 

c 7 3  
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The Thiele modulus for catalyst pellets of all shapes may be closely 
approximated (7) by the following equation: 

I where V and S ,  are the volume and external surface area of the 
catalysf pellet, p is the pellet density, kw is the intrinsic rate 
constant on a catalyst weight (w) basis [equal to (kl + k-l)/w for 

' reversible reactions (6)l and De is the effective diffusivity (diffusion 
coefficient within the catalyst pellet). Because the Thiele modulus can 4 be determined from equation [7] using the effectiveness factor given by 

1 equation 161, the effective diffusivity can be readily calculated by 
rearrangement of equation [El: 

De = (2) (i) pkw Cgl 

Aged and Regenerated Catalysts. The relationship of the fraction F 
of aged pellet activity remaining to the Thiele modulus h and fraction 
poisoned a is given by the following equations for the limiting cases 
of uniform and pore mouth poisoning (8): 

Uniform poisoning - 

tanh (h c a )  

tanh (h) F =  [ 
Pore mouth poisoning - 

1 
1 + = h tanhC(1 - =)hJ 

tanhC(1 - a)hl 
tanh (h) F =  [ 

These equations were derived assuming deactivation results only from 
, poisoning. However, coal liquefaction catalysts may deactivate as a 

result of the combined effects of uniform and pore mouth poisoning, and 
pore size reduction. We therefore modified equation Ell] to include all 
of these modes of deactivation. The resulting equation models the 
fraction of pellet activity remaining for an aged catalyst which may 
have a completely deactivated shell due to pore mouth poisoning, a 
partially deactivated core due to uniform poisoning and an effective 
diffusivity which is less than that of the fresh catalyst: 
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where hf, 
rate constant and effective diffusivity for the fresh catalyst: h, p 
and De are the corresponding parameters for the aged catalyst: as 
is the fraction deactivated by shell progressive pore mouth poisoning: 
and kc is the rate constant of the partially deactivated catalyst core 
given by: 

pf, kf and Def are the Thiele modulus, pellet density, 

f kc = (1 - mc) k C131 

where aC is the fraction of the core that is deactivated. Use of 
equation [123 to calculate effective diffusivities for aged and regene- 
rated catalysts is discussed in the Results Section. , 

EXPERIMENTAL 

Catalysts 

2.88 Ni on alumina catalyst used in second-stage processing (9) of 
liquids derived from Illinois No. 6 (Burning Star) coal were obtained 
from the Wilsonville, Alabama coal liquefaction test facility. Fresh 
catalyst samples, used for baseline activity comparisons, were activated 
by presulfiding for 6 hours at 400°C and atmospheric pressure using a 
mixture of 10 mole 8 H2S in H2. Aged catalysts consisted of samples 
periodically withdrawn from the hydroprocessing reactor during run 242. 
In addition, samples were obtained from runs 242, 243 and 244, following 
process catalyst presulfiding with dimethyldisulfide in an oil vehicle, 
but prior to coal-derived liquid processing. Upon receipt, the aged 
catalysts, which were shipped in toluene, were Soxhlet extracted with 
tetrahydrofuran (THF) to remove as much of the soluble hydrocarbons as 
possible, then dried under vacuum at 100°C to remove traces of THF. 

carbonaceous material was removed from the aged catalysts by slowly 
heating the extrudates to 500OC in air over a period of several hours 
and leaving them at this temperature overnight. These regenerated 
samples were then resulfided by the same method used for presulfiding 
the fresh catalyst in the laboratory. The baseline catalyst for experi- 
ments with these regenerated samples was a fresh catalyst sample which 
was treated by the same method as the regenerated samples. 

All of the aged catalysts were characterized by a number of techni- 
ques including quantitative analysis for metals and carbon, BET surface 
area and desorption pore volume. In addition, the catalyst sample with 
the greatest age (527 lb SRC/lb catalyst) was subjected to electron 
microprobe analysis for metals distribution within the catalyst extru- 
date. 

Pyrene Hydrogenation 
The techniques used for the catalytic pyrene hydrogenation reactions 

and subsequent product analyses have been reported in detail elsewhere 
(4) and are only briefly described here. Batch reactions were performed 
(at a temperature of 300'C and nominal hydrogen pressure of 525 psia) in 
stainless steel microreactors loaded with 100 mg of pyrene, 1 g of 
hexadecane solvent and 15-19 mg of catalyst. The reactors, which could 
be rapidly heated to reaction temperature and quenched to ambient 
temperature at the completion of an experiment, were agitated during the 
heating period. 

Several initial experiments were performed to determine the pressure 
equilibrium constant for hydrogenation of pyrene to 4,s-dihydropyrene at 
300'C and to verify that pseudo first order reversible kinetics accu- 

a2 

Extrudates (0.8 mm diameter by 4 mm long) of Shell 324M. a 12.4% Mo, 

To investigate the effect of deactivation by contaminant metals, 



I 
' rately modeled the rate of reaction. Following these, hydrogenation 

! 
experiments for all the fresh, aged and regenerated catalysts were 
performed in pairs, one experiment with catalyst ground to pass through 
a 200 mesh sieve (particle diameter 75 wn) to eliminate intrapar- 
ticle diffusion and the other with whole catalyst extrudates (usually 
4-5 per reactor). A nominal weight of 15.4 mg was used for the fresh 
catalyst. The weights of the aged and regenerated catalysts were 
increased in proportion to their density to compensate for the weight of 
contaminants. 

according to the activity of the catalysts. Following the completion of 
an experiment, the products were quantitatively removed from the reactor 
for analysis by gas-liquid chromatography. In order to determine the 
ratio of extrudate volume to external surface area, each catalyst extru- 
date was carefully recovered for measurement of the diameter and length. 

RESULTS 

Reaction times, which ranged from 10 to 120 minutes, were adjusted 

Catalyst Characterization 

catalysts. As can be seen from Table I, carbon contents increased 
rapidly during process presulfiding and initial coal-liquids processing, 
then remained approximately constant after an age of 88 lbs SRC/lb 
catalyst. However, the amount of contaminant metals, Fe and Ti, con- 
tinued to increase throughout the run. Catalyst surface areas and pore 
volumes varied inversely with the carbon contents. Both exhibit a rapid 

constant values after an age of 88 lb SRC/lb catalyst. 
amounts of contaminants and physical properties are similar to those 
found by other investigators of hydroprocessing catalysts (10,ll). 

Figure 1 shows distribution of the iron and titanium contaminants, 
! determined by electron microprobe analysis, across a circular cross- 
' section of the 527 lb SRC/lb catalyst extrudate (sample 97001). These 

I Table I lists the results of characterization of the fresh and aged i 

1 decline during the initial phase of processing followed by nearly 
These trends in 

metals are deposited in an annular shell of the extrudate, a behavior 
typical of shell progressive pore mouth poisoning. 

32411 and the aged and regenerated 527 lb SRC/lb catalyst sample. As can 
be seen, the aged catalyst appears to suffer a large loss of pore volume 
(and related surface area) in the 70 to 140 A diameter pore region. 
Previous investigators (12,13) have hypothesized that this loss of pore 
volume and surface area, which is obviously due to the gain in carbon 
content, is responsible for loss in catalyst activity due to pore block- 
age with carbonaceous deposits. However, much of the carbonaceous 
material may simply be trapped reactant and product which is mobile at 
reaction temperature and does not contribute to pore blockage. Compari- 
son of the curves for the fresh and regenerated catalyst shows that 
nearly all of the pore volume of the aged catalyst is restored upon 
removal of the carbonaceous material by regeneration. 

Rate Constants 

catalyst were used to calculate the pressure equilibrium constant, 1.4 x 
10-3 psia-l, (equation [51) for reaction [l] at 300'C. Figure 3, a 
plot of ln(Xe/!Xe-Xt)) vs time for these experiments, demonstrates 
that the reactlon rate follows pseudo first order kinetics. The slope 
of the linear fit of the data is kl + k-1 or k of equation [21. 
Because ln(Xe/(Xe-Xt)) varies linearly with time and has an inter- 
cept of zero, the rate constant may be calculated from the results of a 
single experiment: 

Figure 2 illustrates the pore volume distribution for fresh Shell , 

Results of the initial experiments with ground, freshly presulfided 
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Catalyst Activity and Effective Diffusivity 
Fresh Catalyst. The Thiele moduli of the fresh catalysts were 

calculated from the experimental effectiveness factors E (ratio of 
rate constant for the extrudate catalyst to that of the ground, equation 
161) by determining the value of h which satisfied equation C71. 
effective diffusivities were calculated using equation C91 where the 
ratio of the volume to external surface area is calculated from the 
average extrudate diameter d and length 1: 

The 

V 
2 = 1d2/4 1151 
‘x d2/2 + Id 

Regenerated Catalysts. The fraction of catalyst shell poisoned, 
as was given by the ratio of the rate constant for ground regene- 
rated catalyst kr to that of the ground fresh catalyst kf: 

a = 1 - kr/kf C161 

while the fraction F of extrudate activity remaining is the ratio of 
regenerated extrudate rate constant k,, to that of the fresh, kfe: 

F = kre/kfe 

Because electron microprobe analysis showed that the contaminant metals 
were deposited in an annular shell of aged extrudates, it was assumed 
that the cores of the regenerated catalysts were contaminant free and 
had activities equal to that of the fresh catalyst. The behavior of F 
vs as for regenerated catalyst, discussed in the next section, 
supports this assumption. Effective diffusivities for the regenerated 
catalysts were determined by finding the value De which satisfied 
equation c121. Note that because aC = 0 for regenerated catalysts, 
the value of the k, in equations E123 and E131 is equal to kf. 

Aged Catalyst. Calculation of the effective diffusivities for the 
aged catalysts is similar to that for the regenerated catalyst. Equa- 
tion E121 is again used: however, the rate constant for the partially 
deactivated core kc must be determined from rate constant for the 
ground aged catalyst experiment kwa and as for the corresponding 
regenerated catalyst 

The fraction of the core which is deactivated ac is: 

a = 1 - kc/kf 

84 



and the total fraction deactivated T is: 

aT = 1 - (kwa/kf) = = + a - a a c20s 
s c s c  

Table 11 lists the rate constants for the ground catalyst and extru- 
date experiments and Table I11 gives the fraction poisoned (as for 
the regenerated catalysts and as, aC and =T for the aged catalysts), 
the fraction F of extrudate activity (compared to fresh extrudate) 
remaining, the Thiele modulus h, and the effective diffusivity De. 

DISCUSS I ON 

The results given in Tables I1 and I11 can be used to describe the 
trends in catalyst activity and diffusivity with age and to identify the 
modes of catalyst deactivation. 

without diffusion limitations, is given by the rate constants for ground 
catalyst experiments (Table 11). Loss of intrinsic activity is best 
characterized by the =parameters (Table 111). For the regenerated 
catalysts, the total fraction deactivated, 9, is equal to that due 
to the metallic contaminants, as. However, the total fraction 
deactivated for the aged catalysts is related to the fraction deacti- 
vated by carbonaceous deposits ac and that by metals as as given 
by equation 1201. As can be seen by the values of aC in Table 111, 
carbonaceous contaminants contribute to a loss of intrinsic catalyst 
activity of up to 80% during process presulfiding (sample 94074) before 
processing of coal even begins. However, nearly all of this activity 
can be recovered by laboratory regeneration methods. 
of coal begins, metallic contaminants add to the loss in activity and 
these losses cannot be recovered by regeneration. 

the same trend in the decrease in effective diffusivities (Table 111) 
with catalyst age. After an initial decrease of %50% from a value of 
6 x cm2/sec/cm3 for fresh catalysts to x3 x for 
catalyst ages greater than 42 lb SRC/lb catalyst, the diffusivity 
remains relatively constant. Thus, compared to a decrease in intrinsic 
activity (Table 11) of a factor of 30 over the course of the run, a 
decrease in effective diffusivity of a factor of two appears to have a 
smaller impact on extrudate activity. 

mouth deactivation, equation [l2] reduces to equation [lo] or [ll], 
respectively. The limiting modes of deactivation may be identified ( 8 )  
by plotting the fraction of initial extrudate activit remaining after 
deactivation (F in Table I11 adjusted by the ratio ./*) vs the 
fraction of catalyst deactivated ( y  in Table 111). Uniform deacti- 
vation behavior, due to the deactivation of catalytic sites homogene- 
ously throughout the extrudate is described by equation [lo] which 
depicts a decrease in activity approximately proportional to h - UT. 
Pore mouth deactivation behavior, which results in an annular shell of 
deactivation, is described by equation Cll] and shows a much different 
behavior. For pore mouth deactivation, the loss in extrudate activity 
as a function of fraction deactivated is much greater than that of homo- 
geneous poisoning for the same degree of deactivation. 

Because the regenerated catalysts contain only the metallic contami- 
nants, a plot of F vs as identifies the mode of deactivation by 
metals. However, the aged catalysts contain both metallic and carbon- 
aceous contaminants. The plot of F vs 9 for the aged catalysts may 
identify the dominant mode of deactivation by the deactivating materials. 

Catalyst Activity. Intrinsic catalyst activity, i.e., the activity 

After processing 

Effective Diffusivity. Both the aged and regenerated samples show 

Modes of Deactivation. For the limiting modes of uniform or pore 
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Figure 4 shows a plot of F / J m e Y v s  9 for the regenerated 
(circles) and aged catalysts (squares). The points for the regenerated 
samples were accurately fit with the limiting progressive shell pore 
mouth deactivation model, equation r.111, using the average of the Thiele 
moduli, 5.7, for the samples with significant metals contamination. In 
contrast, the points for the aged samples were accurately fit with the 
limiting uniform deactivation model, equation [lo], using the average 
sample Thiele modulus of 2.1. Thus, the catalysts were deactivated by 
two different modes--progressive shell pore mouth deactivation by 
metallic contaminants and uniform deactivation by carbonaceous 
materials. Although the pore mouth mode of deactivation by metals is 
permanent and limits the amount of extrudate reactivity which can be 
recovered upon regeneration, the dominant mode of deactivation, which 
occurs rapidly, is a uniform deactivation by carbonaceous material. 
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Tab le  I. E lemen ta l  A n a l y s i s ,  S u r f a c e  Areas and P o r e  Volumes f o r  t h e  F r e s h  and Aged 
C a t a l y s t s  

F r e s h  
15923 

97888 
94074 
94495 
94811 
94966 
96460 
97001 

Age 
( l b  f e e d / l b  c a t a l y s t )  

-- 
P r o c e s s  P r e s u l f i d e d  
P r o c e s s  P r e s u l f l d e d  
P r o c e s s  P r e s u l f l d e d  

43  
8 8  

1 3 3  
381 
527 

A c t i v e  Metals 
( w t  a )  

MO N i  

12.4 2 .8  
NA NA 

NA NA 

10 .3  2 . 3  
10 .3  2.3 
1 0 . 0  2.2 
1 0 . 1  2.4 

9.5 2.5 
9.7 2.4 

Major  
Contarninants  

C F e  T i  

0 .11 .02 .07 
2 . 3 3  NA NA 

4.40 NA NA 

6.1 .04 .14 

8 .2  .14  . 1 4  
9 . 3  .22 . 2 1  
9.6 -28 .30 
9.2 .67 .46 
9 .4  .72 .56 

( W t  8 )  . 
S u r f a c e  

A ea 
(m'/q) 

158  
142 
137  

1 3 5  
1 2 5  
1 1 3  
108  
102 
1 0 0  

Pore  
Volume 
.&& 

0.49 

0.41 
0.38 
0.35 

0.32 
0.29 
0.28 
0 . 2 7  
0.27 

T a b l e  11. Weiaht  Basis Rate C o n s t a n t s  f o r  Ground C a t a l y s t  a n d  E x t r u d a t e  Exper imen t s  

Aged C a t a l y s t  Regene ra t ed  C a t a l y s t  
We Ra te  C o n s t a n t s  (sec-I g-'xlO2) Rate c o n s t a n t s  (5ec-l q- lx102)  

( l b / l b )  Ground E x t r u d a t e  Ground E x t r u d a t e  

15 .9  4 . 1  17.6 4.7 F r e s h  -- 
15923 P r o c e s s  8.9 3.3 17.6 5.0 

P r e s u l f i d e d  

P r e s u l f i d e d  
97888 P r o c e s s  3.4 1 .5 17 .2  4 .3  

94074 P r o c e s s  2 .3  
P r e s u l f i d e d  

0.99 16.8 3.8 

94495 4 3  1 .6  0.39 13.6 
94811 8 8  1 .2  0.59 12.1 
94966 1 3 3  0.88 0.37 11.8 
96460 381 0.49 0.32 7.2 
97001 527 0 .49  0.26 5.2 

1 . 3  
1 . 7  
0.98 
0.85 
0.45 

T a b l e  111. F r a c t i o n s  Po i soned ,  a, F r a c t i o n  E x t r u d a t e  R e a c t i v i t y  Remaining,  F ,  
Thiele Modulus, h ,  and  E f f e c t i v e  D i f f u s i v i t i e s ,  De ,  f o r  F r e s h ,  Aged, 
and Regene ra t ed  C a t a l y s t s .  

e 
F r e s h  

15923 
97888 
94074 
94495 

94811 
94966 
96460 
97001 

- 
U T  - -- 
.44 

.77 

.84 

.89 

.92 

.93 

.96 

.96 

Rged C a t a l y s t s  

'S aC F - - _  
1.0 

.003 .44 .81  
-02  .77 .39 
.04  .84 .26 
.22 .85 .ll 
.30 .88 ,113 
.30 .91 .ll 
.57 .92 .09 
.68 .88 . 08  

-- -- 
h 

3.8 

2 .5  
2 .1  
2 .1  
3 . 1  
1.6 
1 . 9  
1 . 3  
1 . 8  

- & 
5.6 
6 .7  
4.2 
2.9 
1 . 3  
3.7 
2 . 0  

4.2 
2.9 

Regene ra t ed  C a t a l y s t s  

- - _ -  "S F h DeX106* 

1.0 3.7 6.2 
.003 1 .06  3.5 6 . 3  
.02 ,92 3.8 6.0 
.04 .80 4.2 5.4 
.22 .28 5.9 2.6 
.30 .35 4.6 4.5 
. 3 0  .22 6.2 2 . 3  

. 5 7  .19 5.0 3.4 
.68 .10 6.9 2.1 

-- 

*De h a s  u n i t s  of cm2/sec/cm3. 
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A CATALYTIC REACTION MODEL FOR FILAMENTOUS CARBON GASIFICATION 

J .  A.  Starkovich, Wei-Yue L i m ,  H. Peng 

Redondo Beach, California 90278 
Chemical Processes Department, TRGl Energy Development Group, 

1 .  Introduction 

Filamentous coke deposition i s  a major fouling problem for  ca t a lys t s  used 
in synthesis gas methanation, the  water-gas s h i f t  reaction and hydrocarbon steam 
reforming. S igni f icant  e f f o r t  has been spent in studying carbon deposition 
r a t e ,  deposit morphology and s t ruc tu re ,  a n d  process conditions fo r  minimization 
of deposition r a t e .  A co l lec t ion  of papers from a special symposium a n d  ?n 
exce l len t  review a r t i c l e  which survey t h i s  work have recently appeared. (1 - 2 )  
Much l e s s  study, however, has been devoted t o  modeling the  inverse reaction or 
t he  gasification/removal of filamentous carbon deposits.  
fundamental understanding of the  k ine t ics  of the  inverse reaction a re  needed 
for  improved design of ca t a lys t  regeneration schemes used in commercial ca ta -  
l y t i c  fuel gas  processing. Better understanding of the inverse reaction may 
a l so  a s s i s t  i den t i f i ca t ion  of improved deposit prevention methods. 

The present research was undertaken t o  develop a model f o r  cor re la t ing  
conversion rate  w i t h  the  extent o f  conversion fo r  the  gas i f ica t ion  of f i l a -  
mentous carbon. 
carbon, we find tha t  t r ad i t i ona l  f lu id-so l id  reaction models such as the  
"shrinking core",  shrinking sphere" and  progressive conversion, a r e  n o t  adequate 
fo r  descri in c nversion k ine t ics .  We suspect from our work a n d  t he  r e su l t s  
of others ! 3 - i 3 5 ?  t ha t  cer ta in  filamentous carbon gas i f ica t ion  reactions 
proceed via a c a t a l y t i c  mechanism involving an embedded ca t a lys t  pa r t i c l e .  
We have developed a new model f o r  t h i s  type o f  reaction which we have termed 
the "ax ia l ly  shrinking filament" model. The conceptual basis a n d  fornulation 
for  t h i s  new model are presented in t h i s  paper. Refinement and ex erimental 
verification/application of t h i s  new model a re  in progress. An  i l yus t r a t ive  
example o f  the model's a b i l i t y  fo r  describing the  conversion k ine t ics  of t h e  
filamentous carbon-hydrogen reaction i s  presented from t h i s  work. 

Information and 

In our s tud ies  of the  gas i f ica t ion  reactions of filamentous 

, 

2 .  Axially Shrinking Filament Model 

Essential fea tures  of the  ax ia l ly  shrinking filament (ASF) model are 
i l l u s t r a t e d  in Figure 1 .  
sumable filament-shaped pa r t i c l e  attached t o  a small ca t a lys t  nodule. For 
a grain s i tua ted  in  a f l u id  reac tan t  medium, the ca t a lys t  nodule serves as 
t h e  s i t e  of reaction between f lu id  reactant and the  filament p a r t i c l e .  I n  
reac t ion ,  f lu id  reactant i s  adsorbed by t h e  ca t a lys t  nodule a n d  combines 
w i t h  filament material in the v i c in i ty  of t he  nodule. The i n i t i a l l y  formed 
reaction product i s  subsequently desorbed and l o s t  t o  the  bulk f l u i d  phase. 
Continuing reaction a n d  loss  of filament material  r e su l t s  in axial  shrinkage 
of the  grain without change in filament cross-section. 
topochemical reaction i s  constant throughout conversion of an  individual 
filament a n d  i s  proportional t o  the in t e r f ac i a l  area between the nodule a n d  
filament. 
r a t e ,  v ,  under a given s e t  of reaction conditions.  
f o r  each filament in a co l lec t ion  of reacting grains i s  given by v t ,  where t 

As depicted, the so l id  g r a i n  cons is t s  of a con- 

The r a t e  of the  

Different diameter filaments thus exhib i t  the  same l i n e a r  shrinkage 
The shrinkage observed 
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i s  the reaction time. 
reactant,  nodule composition and or ien ta t ion ,  and possibly other physiochemical 
conditions of t he  reac t ion .  Interphase heat and mass t ranspor t  res i s tances ,  
i f  s ign i f icant ,  are assumed t o  be constant during reac t ion .  

A global conversion expression may be developed f o r  this  reaction model 
by considering the  pa r t i c l e  collection t o  have a time-dependent filament 
length d i s t r ibu t ion .  Change i n  filament length d i s t r ibu t ion  due t o  reaction 
i s  related t o  conversion ex ten t  or i n  the  present case ,  the  amount of carbon 
gas i f ied .  A general expression fo r  r e l a t ing  f rac t iona l  conversion, a, t o  the 
filament length d is t r ibu t ion  i s  given by Equation ( 1 ) .  The terms 1 and pail} 
are  t h e  f i lament length and the  f rac t ion  of the  i n i t i a l  ! t=o )  population 
having length 1 .  poC1l i s  t he  probabili ty density function or the length 
d is t r ibu t ion  function f o r  the pa r t i c l e  co l lec t ion  a n d  may be considered a 
continuous function of  1 for  la rge  number filament populations. 

The shrinkage r a t e  may be a function of temperature, 

0 Fpo{ 1)dl 

While the  derivation of t h i s  expression i s  being presented elsewhere, 
the  in tu i t i ve  correctness of the  expression may be appreciated by pointing 
out t h e  essence of the  in tegra l  terms. The e n t i r e  r a t i o  on the  right-hand 
s ide  of Equation ( 1 )  i s  the  mass f rac t ion  of carbon remaining a t  time t .  
The denominator in tegra l  simply represents t he  average filament length for 
the par t ic le  co l lec t ion  before any reaction ( t = O ) .  The  numerator i s  the 
difference between the  average length of t h a t  portion of the  i n i t i a l  f i l a -  
ment population with a length equal t o  o r  grea te r  than v t  a n d  the t o t a l  
shrinkage length suffered by t h i s  population segment up t o  time t .  
important t o  note t h a t  Equation ( 1 )  i s  a general conversion expression 
independent of filament geometry a n d  i s  va l id  f o r  any continuous probabili ty 
density function. 
d i s t r ibu t ion  function must be known a pr ior i  from independent measurement 
or ascertained from a gas i f ica t ion  experiment. Application of E q u a t i o n  (1)  
fo r  describing the  gas i f i ca t ion  of  filamentous carbon i s  shown below. 

3. Experimental 

Filamentous carbons used in these s tud ies  were prepared by carbon 
monoxide disproportionation over cobaltosic oxide. Cobaltosic oxide is  an 
ac t ive  CO disproportionation ca ta lys t  and produces filamentous carbon a s  
the  principal deposit  form a t  temperatures below approximately 873’K. 
the  preparation, heated carburizing g a s  mixture i s  flowed over a sample of 
thinly-dispersed, f i n e  oxide powder. 
deposit so l id  contains approximately 90-95 w t .  percent carbon. 
mixture (85:15 mole r a t i o )  i s  used fo r  the  carburizing g a s  and the deposi- 
t i o n  temperature i s  maintained a t  723’K. These conditions lead t o  the  
production of fi laments w i t h  diameters in the range of 50-200 nm and large 
apparent length-to-diameter r a t i o s  when examined by scanning a n d  t rans-  
mission e lec t ron  microscopy. 

I t  i s  

I n  order f o r  the equation t o  be useful in p rac t i ce ,  the  

In 

Deposition i s  car r ied  out unt i l  t he  
A CO-H2 

Reaction of a filamentous carbon sample with hydrogen was conducted 

1 
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/ volumetric displacement type flowmeter. The precision and accuracy o f  a l l  
measurements permitted carbon mass balances fo r  t e s t  reactions of 96-102% 
t o  be routinely obtained. All reactions were conducted a t  near atmospheric 
Pressure over the  temperature range from 798 t o  1073°K. Commercially pure 
bottled hydrogen and deuterium were used in  a l l  reac t ions .  
tion of the reac tor  system and experimental procedures i s  being reported 
el  sewhere. 

I Further descrip- 
1 
I 1' 4.  Results and Discussion 

Representative gas i f ica t ion  curves fo r  filamentous carbon are shown 
For the temperature range inves t iga ted ,  a l l  reactions d is -  in Figure 2 .  

played a s imi la r ly  shaped conversion curve. Dur ing  the  i n i t i a l  60-70% 
carbon gas i f i ca t ion ,  the  global r a t e  for a l l  reactions was v i r t u a l l y  
constant, exhibit ing a zero-order dependence on carbon. Beyond approximately 
70% conversion, reaction r a t e  declined rap id ly  with fu r the r  conversion. 
zero-order r a t e  dependence i s  consistent with a c a t a l y t i c  o r  topochemical 
reaction involving axial  attack of long length fi laments.  T h e  reaction 
span marked by an unsteady r a t e  probably has zero-order r a t e  dependence also,  
b u t  t h i s  i s  masked by a diminishing percentage of reacting fi laments.  

s tud ies  (4,s) involving carbons produced from hydrocarbons and  employing 

gas i f ica t ion  reaction below 873°K i s  approximately 178 KJ/mole. Between 
approximately 873 and 1023°K an apparent maximum in reaction r a t e  was 
observed. 
attainment of equilibrium and the onset of hydrogen feedrate control of the 
reaction. 

i l l u s t r a t e d  in  Figure 3. 
normal probabi l i ty  function (6) fo r  the  fi lament length d i s t r ibu t ion  term 
in Equation (1 )  a n d  using non-linear l e a s t  squares regression analysis t o  
determine the model parameters. 
i s  given in Equation ( 2 ) .  The terms f, and 02 used i n  this equation r e f e r  
t o  the filament length d i s t r ibu t ion  parameters, mean length ,  and variance 
for  the i n i t i a l l y  unreacted sample. Selection of the  Gaussian function t o  
represent the filament length d is t r ibu t ion  i s  a reasonable choice in  the 
absence of any foreknowledge about the length d i s t r ibu t ion .  I t  i s  i n t e r -  
mediate between a monodisperse a n d  uniform length d i s t r ibu t ion  i n  i t s  e f f e c t  
on the predicted shape of the gas i f ica t ion  curve. Additionally,  i t  requires 
only t w o  parameters, a mean and variance, t o  f u l l y  describe the  d i s t r ibu t ion .  

it 

The 
il 
1 

The 
, zero-order dependence observation agrees with observations made in o the r  
I 

I d i f fe ren t  deposition ca t a lys t s .  The activation energy determined f o r  t h e  

This maximum, however, was a n  experimental a r t i f a c t  due t o  t h e  

I 

The a b i l i t y  of the  ASF model t o  quan t i t a t ive ly  f i t  experimental data i s  
This cor re la t ion  was made using the Gaussian 

The in tegra l  expression used fo r  regression 

9 1  



i As i n d i c a t e d  by F igure  2 the  model appears adequately capable o f  desc r ib ing  
the conversion k i n e t i c s  o f  f i l amentous  carbon. 
model was f u r t h e r  eva lua ted  i n  a spec ia l  s e r i e s  o f  t e s t s .  
samples o f  carbon produced from a s i n g l e  depos i t i on  experiment were reac ted  
a t  d i f f e ren t  temperatures and model parameters determined f o r  each reac t i on .  
If t he  model i s  an approp r ia te  one, o n l y  t h e  f i l amen t  shr inkage ra te ,  v ,  
should be observed t o  va ry  w i t h  temperature; the  f i lament  l e n g t h  d i s t r i b u t i o n  
parameters should be constant w i t h i n  sampling and exper imental  e r r o r .  
t h i s  i s  indeed t h e  case may be seen from t h e  r e s u l t s  presented i n  Table 1. 
Glhile v inc reases  by n e a r l y  a - fac to r  o f  f i v e  i n  going from a r e a c t i o n  
temperature o f  798 t o  848'K, 10 and a remain r e l a t i v e l y  constant.  
t h e  reac t i on  temperature t o  1073'K, where the re  i s  a d e f i n i t e  change i n  
Arrhenius a c t i v a t i o n  energy, and a l s o  sw i t ch ing  t o  deuter ium reac tan t  y i e l d  
t h e  same d i s t r i b u t i o n  parameter values. 
appropr iateness o f  t h e  model. The ASF model i s  a macro-physical d e s c r i p t i o n  
o f  the r e a c t i o n  and i s  n o t  based on any p a r t i c u l a r ,  mo lecu la r  r a t e - c o n t r o l l i n g  
mechanism. 

Table 1. Regression f i t t e d  model parameters 
f o r  var ious  temperature reac t i ons .  

Appropr iateness o f  t he  ASF 
I n  t h i s  s e r i e s ,  ; 

,, That 

Increas ing  

Th is  i s  f u r t h e r  evidence o f  t h e  

Gas i f i  c a t  i o n  Model Parameter 
Temperature, O K  - b  

Va  1, cl 

798 .39 a4 16 

82 3 1 .oo 84 15 

a48 1.91 82 22 

1073 0.80 83 20 

1073 0.81' 82' 26' - -  
Average 83 20 

a F i lament  shr inkage r a t e  r e l a t i v e  t o  823°K value. 
b F i lament  d i s t r i b u t i o n  average l e n g t h  and standard d e v i a t i o n  

expressed i n  dimensionless l e n g t h  u n i t s .  
c Resu l t s  f o r  deuter ium - carbon g a s i f i c a t i o n  r e a c t i o n .  

5.  Summary and Conclusions 

A general  r e a c t i o n  model has been proposed f o r  desc r ib ing  t h e  g a s i f i -  
ca t i on  o f  f i l amentous  carbons. 
f i l a m e n t "  model, s u c c e s s f u l l y  c o r r e l a t e s  g a s i f i c a t i o n  data ob ta ined f o r  t he  
hydrogen-fi lamentous carbon r e a c t i o n  where t h e  carbon i s  produced from CO 
d i sp ropor t i ona t ion  over  a coba l t  c a t a l y s t .  The model may be app l i cab le  f o r  
o t h e r  f i lamentous  carbon g a s i f i c a t i o n  reac t i ons  and should be use fu l  i n  
t h e  design of  coked c a t a l y s t  regenera t i on  schemes. 

The model, termed the  " a x i a l l y  s h r i n k i n g  
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I 

I 
INTRODUCTION 

The conversion of CO+H2 i n  one s t e p  t o  a mixture  of hydrocarbon s p e c i e s  t h a t  
a r e  the  c o n s t i t u e n t s  of  h igh  oc tane  g a s o l i n e  appea r s  p o s s i b l e  wi th  c a t a l y s t s  com- 
posed o f  ZSM-5 and a group V I 1 1  metal  (1-5).  The group V I 1 1  metal  a c t s  as a 
Fischer-Tropsch (F-T) c a t a l y s t  and c o n v e r t s  s y n t h e s i s  gas t o  a mixture  of o l e f i n s ,  
p a r a f f i n s ,  and oxygenates.  The ZSM-5 component of  t h e  c a t a l y s t  c o n v e r t s  some of 
t h e  F-T i n t e r m e d i a t e s  and p roduc t s  t o  a romat i c s  and branched-hydrocarbon s p e c i e s .  

The p resen t  s tudy a t t e m p t s  t o  c h a r a c t e r i z e  t h e  metal  c r y s t a l l i t e  s i z e  and t h e  
degree of r educ t ion  of cobalt-ZSM-5 c a t a l y s t s  u s ing  chemisorpt ion and 
magnet izat ion measurements. The c a t a l y s t s  prepared by t h e  solut ion-impregnat ion 
method were examined. It was r e a l i z e d  t h a t  t h e  method could r e s u l t  i n  p a r t i a l  i on  
exchange of t h e  a c i d i c  p r o t o n s  i n  ZSM-5 wi th  c o b a l t  i o n s  (5-7). The ion-exchanged 
c o b a l t  (Co2+) is c a t a l y t i c a l l y  i n a c t i v e  i n  s y n t h e s i s  gas conversion (6,7), s i n c e  
it cannot  be reduced t o  m e t a l l i c  c o b a l t  under  u s u a l  r educ t ion  t r e a t m e n t ,  namely, 

chemisorpt ion and magne t i za t ion  measurements on Co/ZSM-5 c a t a l y s t s  with d i f f e r e n t  
Co concen t r a t ions  can  e n a b l e  one t o  e s t i m a t e  t h e  weight  p e r c e n t  Co t h a t  has  been 
ion-exchanged i n t o  ZSM-5. 

I t  has  been r e p o r t e d  (8 ,9 )  t h a t  (Fez+, NH6)Y can  r e a c t  w i th  a n  a n i o n i c ,  
metal-containing c o o r d i n a t i o n  compound t h a t  i s  water-soluble ,  such as 
(NHb)j(Fe(CN)6),  t o  y i e l d  an  i n s o l u b l e  compound, Fe3(Fe(CN)6)2, d i s t r i b u t e d  
throughout t h e  z e o l i t e  wh i l e  t h e  z e o l i t e  i t s e l f  r e t u r n s  t o  t h e  ammonium form. The 
i n s o l u b l e  complex can l a te r  be reduced i n  hydrogen t o  f i n e l y  d i spe r sed  metal  i n  
t h e  z e o l i t e  ( 9 ) .  The p r e s e n t  work a t t empt s  t o  examine whether t h e  above method 
could be used t o  conve r t  ion-exchanged Co2+ i n  ZSM-5 t o  a r e d u c i b l e  and 
c a t a l y t i c a l l y  a c t i v e  form. S ince  i t  was o f  i n t e r e s t  t o  examine t h e  c a t a l y t i c  
a c t i v i t i e s  of bo th  t h e  metal  component and t h e  z e o l i t e  component, be fo re  and a f t e r  
t h e  r e a c t i o n  with t h e  c o o r d i n a t i o n  compound, s e p a r a t e  experiments  were performed 
with syngas and e t h y l e n e  a s  t h e  r e a c t a n t s .  Syngas conve r s ion  is p r i m a r i l y  
ca t a lyzed  by t h e  metal  component; and e t h y l e n e  conve r s ion ,  by t h e  z e o l i t e  
component i n  t h e  c a t a l y s t .  

I flowing hydrogen a t  350%. The p r e s e n t  s tudy  a t t e m p t s  t o  demonstrate  how 

EXPERIMENTAL 

( a )  p repa ra t ion  of C a t a l y s t s  

The ZSM-5, w i th  Si02/A1203 - 30,  was syn thes i zed  us ing  t h e  procedure g iven  i n  
t h e  pa t en t  l i t e r a t u r e  by Argauer and Landol t  ( l o ) ,  w i th  minor mod i f i ca t ions .  The 
procedure y i e l d s  ZSM-5 having c r y s t a l l i t e s  approximately one micron i n  s i z e .  The 
z e o l i t e  was c a l c i n e d  i n  a i r  a t  538OC t o  decompose t h e  tetrapropylammonium (TPA+) 
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c a t i o n .  It was converted t o  t h e  ammonium form by t h r e e  s u c c e s s i v e  exchanges us ing  
NH4Cl So lu t ion .  

To p r e p a r e  t h e  metal-loaded c a t a l y s t s ,  t h e  solut ion-impregnated method was 
used. Aqueous c o b a l t  (11) n i t r a t e  s o l u t i o n  was added t o  NH4-ZSM-5 u n t i l  i n c i p i e n t  
wetness was reached.  The atmosphere surrounding t h e  mixture  was evacuated a f t e r  
t h e  s o l u t i o n  was added. The mixture  was d r i e d  wi th  s t i r r i n g  a t  100°C. Three 
samples wi th  2.7,  5 . 9 ,  and 9.0 u t 8  Co/NH4-ZSM-5 were prepared by t h i s  method. 

I n  o r d e r  t o  p r e p a r e  a sample o f  Co/NH4-ZSM-5 i n  which t h e  c o b a l t  could be 
expected t o  be a l m o s t  e n t i r e l y  i n  t h e  ion-exchanged form, t h e  fol lowing procedure 
was used. Ten grams of NH4-ZSM-5 was added t o  120 mL Of 9.5 u t 8  Co(N0)3-6H$ 
s o l u t i o n  i n  water a t  90%. The mixture  was s t i r r e d  f o r  one hour and f i l t e r e d .  
The procedure was r epea ted  two more t imes,  and t h e  z e o l i t e  sample was thoroughly 
washed wi th  wa te r  u n t i l  no n i t r a t e  was p re sen t .  The sample had 0.9 wt8 Co, 
presumably i n  t h e  ion-exchanged form ( I E ) ,  and w i l l  be des igna ted  0.9 w t 8  
Co/NH4-ZSM-5 ( IE)  . 

"Back-exchange" (BE), i . e . ,  removal of t h e  ion-exchanged Co2+ from t h e  
z e o l i t e ,  was a t t empted  on t h e  b a s i s  o f  t h e  fo l lowing  r e a c t i o n  (8): 

Co2+-Z + (NH4)4(Fe(CN)6) -+ NH4-Z + Coz(Fe(CN)6) 

The C02( Fe(CN)6),  a n  i n s o l u b l e  compound, would be d i s t r i b u t e d  throughout t h e  
z e o l i t e .  Subsequent  r e d u c t i o n  i n  hydrogen a t  400OC should r e s u l t  i n  a z e o l i t e  
con ta in ing  c o b a l t  and i r o n , , w h i l e  t h e  z e o l i t e  i t s e l f  i s  converted t o  t h e  H-form. 

To c a r r y  o u t  t h e  back-exchange, 15 g of  0.9 u t 8  Co/NHq-ZSM-5 ( IE)  was s t i r r e d  
i n  150 mL of  3.3 u t 8  (NH~)QF~(CN)~ .HZO s o l u t i o n  i n  water  f o r  4 hour s  a t  room tem- 
pe ra tu re .  The mix tu re  was f i l t e r e d .  The back-exchanged z e o l i t e  sample was 
analyzed and found t o  c o n t a i n  0.9 wt8 Co and 0.2 u t $  Fe ,  and w i l l  be des igna ted  
0.9 wt8 Co, 0.2 wt$ Fe/NH4-ZSM-5 (BE) .  

A p a r t  o f  each of t h e  f i v e  samples was p e l l e t e d  i n t o  3-ma-diameter t a b l e t s  
f o r  c a t a l y t i c  a c t i v i t y  tests. The p e l l e t s  were c a l c i n e d  i n  a i r  a t  45OoC f o r  one 
hour t o  c o n v e r t  t h e  NH4-ZSM-5 t o  t h e  H-form. P a r a l l e l  s t u d i e s  using i n f r a r e d  
spectroscopy showed deamaoniat ion was nea r ly  complete  under t h e s e  c o n d i t i o n s  (7). 

(b) Magnet izat ion Measurements 

Samples f o r  magnet ic  a n a l y s i s  were placed i n  4-ma-outside-diameter g l a s s  
tubes and reduced i n  f lowing hydrogen a t  35OoC f o r  16 hours. The tubes were then 
sea l ed  under  vacuum. 

The magnet ic  measurements were performed us ing  a v i b r a t i n g  sample magnetom- 
e t e r  i n  a p p l i e d  f i e l d s  up t o  15 kOe. The s a t u r a t i o n  magnet izat ion was ob ta ined  by 
P l o t t i n g  u v e r s u s  1/H and e x t r a p o l a t i n g  t o  z e r o  ( i n f i n i t e  f i e l d s ) .  The va lues  
obtained were compared w i t h  t h e  known s a t u r a t i o n  magnet izat ion o f  bulk m e t a l l i c  
c o b a l t ,  and t h e  d e g r e e  of r e d u c t i o n  was ob ta ined .  The p e r c e n t  r educ t ion  i s  
reported i n  Tab le  I. 

(c )  Chemisorpt ion Measurements 

Hydrogen a d s o r p t i o n  measurements were performed u s i n g  a conven t iona l  glass 
volumetr ic  a d s o r p t i o n  appa ra tus .  One gram o f  c a t a l y s t  sample was used. The 
Sample was heated t o  2OO0C (b0C/min) under  f lowing He (60 mL/min) and kep t  a t  t h a t  
temperature  f o r  1 hour .  The sample chamber was evacuated and cooled t o  5OoC. 
Hydrogen (60 ml/min) was in t roduced  and t h e  t empera tu re  was r a i s e d  t o  35OoC 
(4OClmin). The sample chamber was 
evacuated t o  10-5 torr and cooled t o  t h e  a d s o r p t i o n  temperature .  

The sample was reduced a t  35OoC f o r  16 hours.  
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The H2 a d s o r p t i o n  measurements were conducted a t  1OOoC. The a d s o r p t i o n  
i so the rms  a r e  shown i n  F igu re  1. 

(d )  Metal P a r t i c l e  S i z e  C a l c u l a t i o n s  

The v a l u e s  of hydrogen uptake were e x t r a p o l a t e d  t o  z e r o  hydrogen p r e s s u r e  
from t h e  l i n e a r  p o r t i o n  of t h e  i so the rm (F igure  11, a s  ou t l i ned  by o t h e r  workers  
f o r  n i c k e l  c a t a l y s t s  (11,121. d 

The metal  d i s p e r s i o n s  D:Cos/Cot, where Cos i s  t h e  number of s u r f a c e  c o b a l t  
atoms and Cot is t h e  t o t a l  number of c o b a l t  a toms,  were c a l c u l a t e d  us ing  t h e  
adso rp t ion  s to i ch iomet ry  of H/Cos=l . Average c r y s t a l l i t e  d i ame te r s  (Tab le  I )  were 
c a l c u l a t e d  from S D  for s p h e r i c a l  hcp metal  c r y s t a l l i t e s  (6) of uniform diameter  
u s ing  t h e  fo l lowing  r e l a t i o n  (13 ) :  

d(nm) = 73.81/%D 

(e)  C a t a l y t i c  Conversion T e s t s  

The equipment used was a downflow, f i x e d  bed r e a c t o r  of 1-cm i n n e r  diameter .  
The mass of  t h e  c a t a l y s t  sample was 1.35 g. The sample was reduced i n  hydrogen a t  
35OOC. The conversion of syngas (H2/CO=l) a t  28OoC, 12 ba r ,  and a f low of 
0.659 g/g c a t .  h r  was examined for a 24-hour pe r iod .  

The p roduc t s  of t h e  r e a c t i o n  were C02, H20 and hydrocarbons,  and were 
analyzed us ing  g a s  chromatography. The C5+ product  was analyzed us ing  s imulated 
d i s t i l l a t i o n .  It  was a l s o  sepa ra t ed  i n t o  a romat i c s ,  o l e f i n s  and s a t u r a t e s  u s i n g  
t h e  FIG method. 

Ethylene conversion s t u d i e s  were a l s o  conducted i n  a r e a c t o r  similar t o  t h a t  
mentioned above. A f t e r  t r ea tmen t  w i th  hydrogen a t  35OoC, t h e  r e a c t i o n  mix tu re  
c o n s i s t i n g  of 30 vo l% C2H4 and 70 vo l% H2, was in t roduced  a t  1 atm and a flow r a t e  
o f  0.983 g/g cat .  h r .  The t empera tu re  of t h e  r e a c t o r  was maintained a t  32OoC. 
The p roduc t s  were analyzed a s  desc r ibed  above. 

I 

RESULTS AND DISCUSSION 

The r e s u l t s  of  magnet izat ion and chemisorpt ion s t u d i e s  a r e  shown i n  Tab le  I ,  
F igure  1 ,  and F igu re  2. For t h e  t h r e e  c a t a l y s t s  con ta in ing  9.0,  5.9,  and 2.7 u t% 
Co, approximately 2.2 u t %  of t h e  c a t a l y s t  i s  t h e  amount of  c o b a l t  t h a t  h a s  
been reduced t o  m e t a l l i c  c o b a l t  i n  flowing hydrogen a t  35OoC ( s e e  Tab le  I). The 
hydrogen uptake and t h e  deg ree  of r educ t ion  e x h i b i t  similar t r e n d s  when p l o t t e d  
a g a i n s t  t h e  c o b a l t  l oad ing  ( F i g u r e  21,  and each curve i n t e r c e p t s  t h e  h o r i z o n t a l  
a x i s  a t  near ly  2.2 w t % .  

The amount o f  hydrogen chemisorbed can be expected t o  be approximately pro- 
p o r t i o n a l  t o  t h e  metal  s u r f a c e  a r e a .  The absence  of m e t a l l i c  c o b a l t  i n  a sample 
would r e s u l t  i n  z e r o  chemisorpt ion of hydrogen. I t  is thus  unde r s t andab le  t h a t  
bo th  t h e  hydrogen uptake and t h e  degree of r e d u c t i o n  obtained from t h e  magnetiza- 
t i o n  s tudy become van i sh ing ly  small a t  t h e  same concen t r a t ion  (2.2 u t % )  of c o b a l t  
i n  t h e  c a t a l y s t .  

The r e s u l t s  from H2+CO conver s ion  experiments  a r e  shown i n  F igu re  2 and 
Tab le  11. The v a r i a t i o n  o f  t h e  r a t e  of conversion wi th  c o b a l t  l oad ing  a l s o  
fo l lows  t h e  same t r end  as t h e  chemisorpt ion and degree  of r educ t ion .  Of t h e  
l i q u i d  hydrocarbon p roduc t s  ob ta ined  wi th  t h e s e  c a t a l y s t s ,  nea r ly  95% i s  i n  t h e  
g a s o l i n e  b o i l i n g  r ange ,  as revea led  by s imula t ed  d i s t i l l a t i o n .  The Cg+ produc t  
c o n s i s t s  of a romat i c s ,  branched o l e f i n s ,  and branched p a r a f f i n s ,  which a r e  
c o n s t i t u e n t s  of h igh  oc tane  g a s o l i n e .  
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The convers ion  o f  H2+CO by 0.9 u t %  Co/ZSM-5 ( I E )  is ze ro ,  c o n s i s t e n t  wi th  the  
observa t ion  t h a t  t h e  degree  o f  r educ t ion  is z e r o  a f t e r  exposure t o  hydrogen a t  
350OC (Table  I and F i g u r e  2 ) .  This  p rov ides  a d d i t i o n a l  suppor t  t h a t  the c o b a l t  i n  
t h i s  sample i s  i n  an ion-exchanged form t h a t  cannot  b e  reduced t o  the  
c a t a l y t i c a l l y  a c t i v e  m e t a l l i c  ooba l t .  When the  sample i s  back-exchanged t o  y i e l d  
0 .9  u t% Co, 0.2 wtJ Fe/ZSM-5 (BE), t h e  CO+H2 convers ion  i s  17.38, and t h e  degree  
o f  reduct ion  is 48%. The e x i s t e n c e  of a fe r romagnet ic  moment i n d i c a t e s  t h a t  Co 
(and poss ib ly  Fe )  is i n  t h e  m e t a l l i c  s t a t e  i n  t h e  back-exchanged sample. 

The convers ion  of e thy lene  over  H-ZSM-5 and t h e  me ta l - zeo l i t e  samples ( ion -  
exchanged and back-exchanged) was used as a method f o r  comparison o f  t h e i r  
c a t a l y t i c  ac id  func t ion .  The r e s u l t s  a r e  shown i n  Table I11 f o r  the  First s i x  
hours on s t ream.  The cobalt-exchanged sample e x h i b i t s  C2H4 convers ion  of 78.711, 
while t h e  H-ZSM-5 ( p a r e n t  sample) e x h i b i t s  a convers ion  of 86.1%. The ooba l t -  
exchanged sample a l s o  y i e l d s  a lower f r a c t i o n  o f  a romat i c s  (37%) i n  comparison t o  
H-ZSM-5, which y i e l d s  53% a romat i c s  i n  t h e  l i q u i d  hydrocarbon product .  I t  is thus  
ind ica t ed  t h a t  t h e  a c i d  f u n c t i o n  of  t h e  z e o l i t e  is weakened by t h e  presence  of 
coba l t  i n  ion-exchanged form. Back-exchange o f  t he  c o b a l t  results i n  a c a t a l y s t  
t h a t  b r ings  about  a n  improved e thy lene  convers ion  (89.8%) and l a r g e r  aromatic 
f r a c t i o n  (42%) .  

The above r e s u l t s  ob ta ined  from p h y s i c a l  measurements (chemisorp t ion  and 
magnet iza t ion)  and c a t a l y t i c  a c t i v i t y  t e s t s  i n d i c a t e  how meta l  s p e c i a t i o n  i n  
cobalt/ZSM-5 c a n  b e  c h a r a c t e r i z e d .  The p a r e n t  sample of H-ZSM-5 wi th  
Si02/A1203:38 can  be r ep resen ted  by 

-0.050 
H6.050 ( si0.950 A10.050 '2) 

The ion-exchanged sample 0.9 u t %  Co/ZSM-5 (IE) can  be r ep resen ted  by 

-0.050 
H6.028 c O ~ ~ O l l  ( si0.950 Al0.050 

I t  can  be n o t i c e d  t h a t  4 4 %  of t h e  H+ sites have been exchanged w i t h  c o b a l t  
r e s u l t i n g  i n  weakened a c i d i t y .  I n  t h e  back-exchanged sample,  a t  l e a s t  48% of Co2: 
has  been r p laced  by N H G ,  whi le - the  coba l t  is conver ted  t o  t h e  i n so lub le  compound 
CoA Fe(CN)J . C a l c i n a t i o n  a t  45OoC, followed by r educ t ion  i n  H2 a t  350°C, r e s u l t s  
i n  the  c o n v e r s i o n  of t h e  z e o l i t e  t o  t h e  H+-form and t h e  format ion  o f  m e t a l l i c  
cobal t .  The r e s u l t i n g  sample e x h i b i t s  c a t a l y t i c  a c t i v i t y  f o r  s y n t h e s i s  g a s  con- 
ve r s ion .  

CONCLUDING REMARKS 

This  s tudy  demonstrated t h a t  magnetic and chemisorp t ive  techniques  can be 
used t o  c h a r a c t e r i z e  meta l  s p e c i a t i o n  i n  c a t a l y s t s  such a s  Co/ZSM-5. I n  
p a r t i c u l a r ,  t h e  amounts of ion-exchanged c o b a l t  and c o b a l t  e x t e r n a l  t o  t h e  z e o l i t e  
can be e s t ima ted .  These measurements enab le  one t o  i n t e p r e t  t he  c a t a l y t i c  
a c t i v i t y  and s e l e c t i v i t y  of t h e  c a t a l y s t .  

In  our a t t e m p t s  t o  in t roduce  c o b a l t  i n  c a t i o n i c  form i n  ZSM-5 a tempera ture  
of 90°C has  been used f o r  t he  exchange wi th  aqueous c o b a l t  n i t r a t e  so lu t ion .  It 
appears  t h a t  0.9 wt$ Co can  b e  in t roduced  i n t o  ZSM-5 of SiO2/A1203=38 under these  
c i rcumstances .  Analyses  of t he  Co/ZSM-5 samples t h a t  were prepared 
impregnation a t  room tempera ture  with c o b a l t  n i t r a t e  s o l u t i o n  showed t h a t  approxi -  
mately 2.2 w t %  Co was i n  a form no t  r educ ib l e  t o  m e t a l l i c  c o b a l t  (Table I ) .  In 
e a r l i e r  work ( 6 , 7 ) ,  t h e  Co/ZSM-5 samples were subsequent ly  washed with water  t o  
y i e l d  samples t h a t  c o n t a i n e d  1.4-1.7 u t% Co. Hence i t  is p o s s i b l e  t h a t  exchange 
a t  t empera tures  lower than  90°C would y i e l d  samples con ta in ing  more than 0.9 u t% 
Co i n  ion-exchanged form (14) .  
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This  s tudy has  shown t h a t  Co2+/ZSM-5 can be back-exchanged and  reduced t o  
y i e l d  m e t a l l i c  c o b a l t  supported on H-ZSM-5. Chemisorption measurements are 
c u r r e n t l y  being c a r r i e d  o u t  t o  de t e rmine  t h e  deg ree  of d i s p e r s i o n  o f  such samples.  
The back-exchanged samples a r e  c a t a l y t i c a l l y  a c t i v e  i n  s y n t h e s i s  gas  conversion.  
The method o f  back-exchange should be g e n e r a l l y  a p p l i c a b l e  for p repa r ing  metal-  
z e o l i t e  c a t a l y s t s  where i t  is d e s i r a b l e  t o  f r e e  t h e  z e o l i t e  of metal  Ca t ions  i n  
o r d e r  t o  r e s t o r e  t h e  a c i d i t y  t o  its o r i g i n a l  s t r e n g t h ,  and t o  have t h e  me ta l  on 
t h e  e x t e r i o r  of t h e  z e o l i t e  . c r y s t a l l i t e s  i n  a highly d i s p e r s e d ,  c a t a l y t i c a l l y  
a c t i v e  form. 
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TABLE I 

Resu l t s  from Magnet izat ion and Chemisorption on Co/ZSM-5 

% Reduction H2 Uptake 

Metal Loading i n  H2 a t  35OoC wtg c o  a t  100°C 

( u t % )  (from magne t i za t ion )  Unreduced (LI mol g-1) d ( nm) 

9.0 

5.9 

2.7 

0.9 (IE) 
0.9 (BE) 
+0.2 Fe 

78 

64 

10 

0 

48 

2.0 

2.1 

2 .5  

0.9 

0.4 

35.4 12.4 

22.5 10.4 

2.4 8.5 

99 



TABLE I1 

Conversion and Product  D i s t r i b u t i o n  From Co/ZSM-5 C a t a l y s t s  
During t h e  I n i t i a l  24-Hour Pe r iod  

I E :  ion-exchanged; BE: back-exchanged 

H2/CO = 1 ;  P = 21 b a r ;  Temperature I 28OoC; Feed Rate = 0.659 g/g c a t .  h r  

Co i n  Catalyst  (wt8) 9.0 5.9 2.7 0.9 ( I E )  0.9 (BE) 
+0.2 Fe 

CO Conversion ($1 56.5 

H2 Conversion ( 8 )  85.8 

CO+H2 Conversion ($) 70.7 

Product Composition (ut%) 
co2 18.6 

H20 46.1 

CHn 35.2 

Composition of CHn (wt$) 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

c5+ 

CqH1O 

24.4 

0.0 

2.7 

0.8 

2.7 

0.8 

5.4 

63.0 

Liquid Product  Composition ( ~ 0 1 % )  

Aroma tics 19.5 
Ole f ins  

S a t u r a t e s  
32.5 

48.0 

54.6 

80.8 

67.3 

13.2 

50.9 

35.8 

24 .O 
0.4 

2.3 

0.6 

2.7 

1.4 

6.6 

61.9 

23 .O 

30.5 

46.5 

21 .o 
34.3 

27.4 

8.1 
56.6 

35.3 

33.6 

0.0 

5.2 

0.0 

7.7 

0.9 

18.7 

33.8 

0.0 13.7 

0 .o 20.9 

0 .o 17.3 

13.9 

55.9 

30.2 

42.4 

0.0 

3.1 
0.0 

18.4 

0.0 

24.2 

11.8 
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TABLE 111 

Conversion o f  30 vol% C2H4 + 70 vol% H2 Mixture 
over  H-ZSM-5 and Co/ZSM-5 (Si02/A1203=38). 

Feed Rate = 0.983 g/g c a t .  h r ;  Temperature = 32OoC 

0.9% Co/H-ZSM-5 0.9% Co, 0.2% Fe/H-ZSM-5 

C a t a l y s t  H-ZSM-5 (ion-exchanged) (back-exchanged) 

Per iod (hours)  0-6 

C2H4 Conversion ( 8 )  86.1 

H2 Conversion (5) 9.2 

Product  Composition ( w t % )  

CH4 0 .o 
C2H6 14.5 

C3H6 7.6 

C3H8 5.5 

n-(hH1O 5.8 

c5+ 47.3 

OH8 11.6 

i - C q H I O  7.6 

Liquid Product Composition 

Aroma t i c s  5 3  

O l e f i n s  31 
S a t u r a t e s  16 

0-6 

78.7 

8 . 5  

0.0 

13.3 
12.6 

2.5 

14.0 

6.3 

5.4 

45.8 

37 

50 

13 

0-6 

89.8 
13.4 

0.0 

27.0 

6.1 

4.3 

9.7 

5.7 

5.7 

41.1 

42 

43 

15 
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A CURRENT VIEW OF THE MECHANISM FOR THE 
CATALYTIC GASIFICATION OF COAL CHAR 

Bernard J. Wood and Kenneth M. Sancier  

Ma te r ia l s  Research Laboratory , SRI I n t e r n a t i o n a l  

333 Ravenswood Avenue, Menlo Park,  CA 94025 

INTRODUCTION 

The a d d i t i o n  o f  modest q u a n t i t i e s  o f  c e r t a i n  inorganic  sal ts  t o  
coal s u b s t a n t i a l l y  promotes i t s  r e a c t i v i t y  with steam o r  carbon 
dioxide.  Because o f  t h e  c o s t  of t h e  added s a l t  and the a d d i t i o n  o f  pro- 
cess s t e p s  f o r  admixture and recovery,  technoeconomic a n a l y s i s  p r e d i c t s  
t h a t  t h i s  c a t a l y t i c  coal g a s i f i c a t i o n  process  can be of p r a c t i c a l  value 
only i n  cases where t h e  maximum process  temperatures  are l i m i t e d  by out- 
s i d e  c o n s t r a i n t s . [ l ]  One such case is t h e  production o f  methane, where 
high equ i l ib r ium y i e l d  is favored by lower temperatures . [2]  Current 
p red ic t ions ,  based on n a t u r a l  gas  demand and r e se rves ,  suggest  t h a t  
methane from coal w i l l  no t  b e  needed i n  t h e  next  25-50 years .  C o n s e  
quent ly ,  i n d u s t r i a l  i n t e r e s t  i n  the  c a t a l y t i c  g a s i f i c a t i o n  of  c o a l ,  once 
high, has waned, and f u l l - s c a l e  development of the  process  has been 
given lower p r i o r i t y .  

Another p o t e n t i a l l y  a t t r a c t i v e  a p p l i c a t i o n  o f  the  c a t a l y t i c  g a s i f i -  
c a t i o n  process  i s  t h e  u t i l i z a t i o n  conversion,  s to rage ,  and t r a n s p o r t  of 
heat  produced by a gas-cooled nuclear  r e a c t o r  where the  a t t a i n a b l e  
coo lan t  temperature has an upper l i m i t  o f  about 95OoC.[3] Implementa- 
t i o n  o f  t h i s  technology is being considered[4] ,  b u t  l a r g e s c a l e  applica- 
t i o n  l i e s  some d i s t a n c e  i n  t h e  f u t u r e .  

Fbwever, t h e  low p r o b a b i l i t y  o f  near term a p p l i c a t i o n s  has  not 
hampered s c i e n t i f i c  i n t e r e s t  i n  t h e  process.  I n  t h e  l as t  few yea r s ,  
many i n v e s t i g a t o r s  have s tud ied  the  process ,  using a wide v a r i e t y  of 
approaches and tools. Since 1980 more than 100 papers  have been 
published on t h e  s u b j e c t  o f  t he  mechanism of c a t a l y t i c  g a s i f i c a t i o n  of 
cha r  or carbon. [5 ]  This  i n v e s t i g a t i v e  a c t i v i t y  has given us  s u f f i c i e n t  
i n s i g h t  i n t o  the  p rocess  t o  suggest a d e t a i l e d  mechanism that d e f i n e s  
t h e  n a t u r e  and r o l e  o f  t h e  c a t a l y s t  during g a s i f i c a t i o n .  

CHARACTERISTICS OF CATALYST ACTION 

E f f e c t i v e  coa l / cha r  g a s i f i c a t i o n  c a t a l y s t s  are i o n i c  sa l t s  with 
oxygen-bearing an ions  ( o r  anions t h a t  are converted t o  oxygen-containing 
spec ie s  under g a s i f i c a t i o n  cond i t ions ) .  The c a t i o n s  o f  t h e  sa l t  react 
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w i t h  t h e  carbonaceous m a t e r i a l  t o  form a chemical ly  and thermochemically 
d i s t i n c t  a c t i v e  s p e c i e s  t h a t  mediates  t h e  g a s i f i c a t i o n  process-  The 
an ions  of t h e  s a l t  may modify the  pathway of formation of the  a c t i v e  
species, but f o r  a l l  e f f e c t i v e  s a l t s  t h i s  s p e c i e s  is c e r t a i n l y  formed a t  
sub g a s i f i c a t i o n  temperatures .  

There is broad agreement among recent  i n v e s t i g a t o r s  t h a t  the  ca t -  
a l y s t  s u p p l i e s  oxygen to  t h e  carbon. Many i n v e s t i g a t o r s  favor  involve- 
ment of a redox cyc le  i n  which t h e  c a t a l y s t  is reduced by t h e  carbon and 
oxid ized  by t h e  gaseous r e a c t a n t ,  but few s p e c u l a t e  on a d e t a i l e d  
mechanism. Nevertheless ,  t h e r e  are a number of d e t a i l s  of t h e  
g a s i f i c a t i o n  r e a c t i o n  system f o r  which evidence i s  p a r t i c u l a r l y  s t r o n g :  

The working c a t a l y s t  forms a l i q u i d  f i lm t h a t  wets t h e  
carbon sur face ;  

The molten c a t a l y s t  i s  a metal-r ich (oxygen d e f i c i e n t )  
compound, probably an oxide ,  over which the  meta l  vapor 
pressure  has a c h a r a c t e r i s t i c  equi l ibr ium va lue ;  

Chemical a t t a c k  by t h e  c a t a l y s t  and during g a s i f i c a t i o n  
occurs  a t  t h e  carbon atoms on edges of aromatic  a r r a y s ;  

The reduct ion  s t e p  occurs  by donat ion  by t h e  carbon of an 
e l e c t r o n  t o  the  c a t a l y s t  phase, n e u t r a l i z i n g  the c a t i o n i c  
charge; 

A metal-oxygen-carbon complex analogous t o  a phenolate  
s a l t  is a r e a c t i o n  in te rmedia te ;  

’ The in te rmedia te  is a precursor  o f  gaseous CO product ion 
by a decarbonyla t ion  s t e p  t h a t  is l i k e l y  r a t e  governing.  

A PROPOSED MECHANISM 

Based on these  c o n s i d e r a t i o n s ,  w e  have devised a d e t a i l e d  mechanism 
of  c a t a l y s t  ac t ion .  Dispersion of t h e  c a t a l y s t  $ 8  a c r i t i c a l  i n i t i a l  
s t e p  t h a t  occurs  a t  s u b g a s i f i c a t i o n  temperatures  when t h e  c a t a l y s t  b e  
comes a l i q u i d  f i l m  t h a t  w e t s  t h e  carbon and spreads  over i t s  exposed 
s u r f a c e .  Evidence f o r  such a process  comes from microscopic  s t u d i e s [ b -  
81, measurements of s u r f a c e  a r e a  changes.[9,10] and t h e  observed in- 
c r e a s e  i n  e l e c t r i c a l  conductance upon hea t ing  of carbon-ca ta lys t  admix- 
t u r e s , [ l O ]  i n d i c a t i v e  of t h e  formation of a phase with high charge c a r  
rier mobi l i ty .  More q u a n t i t a t i v e  information about t h e  n a t u r e  of a l k a l i  
meta l  carbonates  admixed with carbon is obtained from Knudsen c e l l  mass 
s p e c t r o m e t r y . [ l l ]  A t  about 900 K, both carbon-KgC03 and carbon-Cs2C03 
admixtures  i n  a Knudsen c e l l  g r a d u a l l y  l o s e  oxygen, a s  evidenced by a 
progress ive  dimunit ion in the  equi l ibr ium p a r t i a l  p ressures  of  CO and 
Co . A t  t h e  same time t h e  pressure  of  t h e  a l k a l i  meta l  i n c r e a s e s ,  
i n g i c a t i n g  an i n c r e a s e  in thermodynamic a c t i v i t y  poss ib ly  produced by a 
change i n  mecalfoxygen s toichiometry.  Opposite changes occur  when steam 
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o r  C02 i s  admi t ted  t o  t h e  Knudsen c e l l .  These observa t ions  suggest t h a t  
t h e  l i q u i d  f i l m  i n  c o n t a c t  wi th  t h e  carbon i s  a nor rs to ich iometr ic  oxide 
t h a t  c o n t a i n s  an  excess  of  t h e  metal  a s  atoms i n  a d isso lved  s t a t e .  
During g a s i f i c a t i o n ,  t h e  composition of  t h e  f i l m  is determined by a 
dynamic ba lance  between a reducing process  a t  the  c a r b o r r c a t a l y s t  
i n t e r f a c e  and an oxid iz ing  process a t  the  s u r f a c e  i n  contac t  with the 
gaseous r e a c t a n t .  The composition and c h a r a c t e r i s t i c s  of some Cs-rich 
oxides  have been c h a r a c t e r i z e d  a s  c r y s t a l l i n e  s o l i d s  a t  room temperrr 
t u r e . [ l 2 ]  A t  h igh  tempera tures  they melt  i n t o  l i q u i d  phases ( f o r  which 
f r e e  e n e r g i e s  of formation have been eva lua ted)  comprised of a higher 
oxide  conta in ing  excess  C s  .[13] Using the  equi l ibr ium p a r t i a l  pressures  
of C s  and CO measured over a Cs2C03-carbon sample  in t h e  Knudsen c e l l ,  
toge ther  wi th  t h e  publ ished thermochemical d a t a [  131, w e  es t imated the 
composition of  the l i q u i d  phase t o  be C s 4 0 . [ l l ]  A s i m i l a r  a n a l y s i s  of 
t h e  K2C03-carbon system was not  p o s s i b l e  because o f  the  l a c k  o f  thermo- 
chemical d a t a  a t  low oxygen p a r t i a l  p ressures .  By analogy, however, a l l  
alkali-metal-oxygen systems would be expected to behave i n  a p a r a l l e l  
fashion.  F u r t h e r ,  very  r e c e n t  evidence of t h e  conversion of K2C03 t o  a 
nons to ich iometr ic  oxide i n  the  presence of carbon is provided by s t u d i e s  
w i t h  i s o t o p e l a b e l l e d  c a t a l y s t s . [ l 4 ]  

The e x i s t e n c e  of a n  oxide with an  excess  of t h e  a lka l i -meta l  compo- 
nent r e q u i r e s  an e q u i v a l e n t  number of oxygen vacancies .  Thus, t h e  af-  
f i n i t y  of  t h i s  phase f o r  r e a c t i o n  with an o x i d i z i n g  gas  w i l l  be propor- 
t i o n a l  t o  t h e  a l k a l i  meta l  a c t i v i t y .  Oxygen ions produced by t h i s  reac- 
t i o n  between the c a t a l y s t  phase and an oxid iz ing  gas  a r e  t ranspor ted  to 
t h e  c a r b o n / c a t a l y s t  i n t e r f a c e  by d i f f u s i o n ,  a process  that is f a s t  a t  
g a s i f i c a t i o n  temperatures .  One p r i n c i p a l  product of steam g a s i f i c a t i o n ,  
H2, would be formed a t  t h e  c a t a l y s t / s t e a m  i n t e r f a c e .  

The r e a c t i o n  s t e p s  occurr ing  a t  the  c a r b o n / c a t a l y s t  i n t e r f a c e  r e  
qui re  some e x p l a n a t i o n  because t h e  carbon s t r u c t u r e  is comprised to  some 
degree of p lanar  aromatic  a r r a y s ,  and aromatic  hydrocarbons a r e  known to 
be q u i t e  u n r e a c t i v e  toward oxide and hydroxide ions. Transmission 
e l e c t r o n  microscopy[7,8]  has confirmed t h a t  t h e  c a t a l y s t  i n t e r a c t s  with 
carbon atoms l o c a t e d  a t  t h e  edges of  t h e  planar  a r r a y s ,  but the 
mechanism of t h e  at tachment  remains obscure.  We suggest t h a t  the 
i n i t i a l  r e a c t i o n  s t e p  i s  a simple e l e c t r o n  t r a n s f e r  from the aromatic 
m a t e r i a l  t o  the  a l k a l i  meta l  i o n  of t h e  c a t a l y s t .  Recently repor ted[ lS]  
measurements made in an e lec t rochemica l  c e l l  wi th  a molten Na2C03 
e l e c t r o l y t e  provide  s t r o n g  evidence f o r  such an e l e c t r o n  t r a n s f e r  
step. In t h i s  work, t h e  a d d i t i o n  of g r a p h i t e  t o  t h e  e l e c t r o l y t e  (in the  
absence of  a i r )  r a p i d l y  s h i f t e d  t h e  r e s t  p o t e n t i a l  of t h e  c e l l  from 
-0-511 t o  -1.348 V, i n d i c a t i v e  of t h e  formation of a n  e a s i l y  oxidized 
s p e c i e s ,  such a s  sodium meta l ,  due to  reduct ion  of the  sodium ions in 
t h e  carbonate  by t h e  s o l i d  carbon. This process  produces d i r e c t l y  an 
excess  of  metal atoms i n  t h e  c a t a l y s t  and l e a v e s  t h e  carbon a r r a y  with a 
n e t  p o s i t i v e  charge ,  termed a r a d i c a l  c a t i o n .  Such a spec ies  would be 
h ighly  r e a c t i v e  toward t h e  n e g a t i v e l y  charged oxygen ions  in the 
c a t a l y s t .  It is h i g h l y  probably t h a t  r e a c t i o n  of t h e  r a d i c a l  c a t i o n  and 
t h e  O= l e a d s  t o  format ion  of a phenolate  i o n ,  the  presence of which i n  
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t he  carbon a r r a y  has  been confirmed.[ l6]  Indeed, phenolate  ion  s t ruc -  
t u r e s  would be s t a b i l i z e d  by a l k a l i  metal i ons  i n  t h e  molten c a t a l y s t  
f i lm .  The e x i s t e n c e  of some type o f  K 4 - C  s t r u c t u r e  has been suggested 
also on t h e  b a s i s  o f  i n f r a r e d  s p e c t r a  o f  p a r t i a l l y  g a s i f i e d  K2C03-char 
admixtures . [ l7 ,18]  

The r a t e  o f  formation of CO du r ing  char g a s i f i c a t i o n  has  been 
c o r r e l a t e d  with t h e  concen t r a t ion  of phenolate  groups. (191 This  obser- 
v a t i o n ,  i n  con junc t ion  with t h e  observed s t a b i l i t y  and s t eady  s t a t e  
populat ion o f  t h e s e  groups a t  g a s i f i c a t i o n  temperatures , [20] s u g g e s t s  
t h a t  decomposition o f  t h e  phenolate  groups is t h e  rate-governing s t e p  i n  
t h e  c a t a l y t i c  g a s i f i c a t i o n  process.  Decomposition may occur through 
conversion of  t h e  phenol f u n c t i o n a l i t y  t o  the  ketone followed by t h e r m o -  
l y t i c  decarbonylat ion.[ lO] This p a r t  of t h e  g a s i f i c a t i o n  r e a c t i o n  path- 
way remains s p e c u l a t i v e ,  a1 though such decarbonylat ion r e a c t i o n s  have 
been observed t o  occur a t  high temperatures.  [21] 

CONCLUSION 

Inorgan ic  sa l t s  composed of a l k a l i  metal  c a t i o n s  and oxygen-bearing 
anions are e f f e c t i v e  c a t a l y s t s  f o r  t h e  steam o r  C02 g a s i f i c a t i o n  of c o a l  
cha r .  Under g a s i f i c a t i o n  cond i t ions  t h e  c a t a l y s t  i s  converted to  a 
nonstoichiometr ic  oxide that i s  hg ih ly  d i spe r sed  over t h e  char  s u r f a c e  
as a l i q u i d  f i lm.  This  c a t a l y s t  f i l m  mediates  t h e  t r a n s f e r  of oxygen 
from t h e  ox id iz ing  gas  to  t h e  cha r  s u r f a c e  by way o f  a redox cycle .  A t  
t h e  c a t a l y s t / c h a r  i n t e r f a c e ,  e l e c t r o n  donat ion by the  char  reduces the  
c a t i o n  t o  a n e u t r a l  metal atom d i s so lved  i n  t h e  c a t a l y s t ,  leaving a 
posi t ively-charged r a d i c a l  c a t i o n  on t h e  cha r  su r face .  The r a d i c a l  
c a t i o n  r e a c t s  r e a d i l y  with oxygen ions  from t h e  c a t a l y s t  forming a 
phenolate f u n c t i o n a l i t y  t h a t  i s  s t a b i l i z e d  by t h e  metal i ons  i n  the 
c a t a l y s t  phase. The oxygen ions  l o s t  from t h e  c a t a l y s t  are r ep len i shed  
a t  the  g a s / c a t a l y s t  i n t e r f a c e  by o x i d a t i o n  o f  t h e  d i s so lved  m e t a l  atoms 
by t h e  ox id iz ing  gas.  The r e a c t i v e  in t e rmed ia t e s  a r e  t r anspor t ed  
between gaseous ox idan t  and char by d i f f u s i o n  through t h e  c a t a l y s t  
phase. CO is  formed by deca rbony la t ion  o f  t h e  phenolate  s p e c i e s ,  a pro- 
c e s s  t h a t  governs t h e  rate o f  t h e  g a s i f i c a t i o n  r e a c t i o n .  
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CARBONACEOUS AEROSOL FRO% RESIDENTIAL WOOD COMBUSTION 
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Because of r i s i n g  convent iona l  energy p r i c e s  wood has  made a resurgence  as a 
r e s i d e n t i a l  hea t ing  f u e l .  A s  a r e s u l t  r e s i d e n t i a l  wood smoke a e r o s o l s  are becoming 
a major component of f i n e  ambient a e r o s o l s  i n  many a r e a s .  However, t h e  q u a n t i f i c a -  
t i o n  of  t h e  impact of r e s i d e n t i a l  wood smoke on t h e  ambient a e r o s o l  c o n c e n t r a t i o n  
has  been d i f f i c u l t  because t h e s e  a e r o s o l s  a r e  v a r i a b l e  in composition and s i z e  and 
have no unique elemental  t r a c e r s .  

The purpose of t h i s  s t u d y  h a s  been to examine t h e  s i z e  d i s t r i b u t i o n  and com- 
p o s i t i o n  of r e s i d e n t i a l  wood smoke a e r o s o l s  which have been sampled from cooled ,  
d i l u t e d  smoke plumes. 
t i v e  Of wood smoke a e r o s o l s  as they e x i s t  in t h e  atmosphere than t h o s e  sampled w i t h  
EPA Method 5. 
t h e  breeze  was s u f f i c i e n t  t o  move t h e  plume in a mostly h o r i z o n t a l  d i r e c t i o n .  Car- 
bon d ioxide  measurements in t h e  f l u e  gas and in t h e  sampled a i r  i n d i c a t e d  t h a t  t h e  
d i l u t i o n  f a c t o r  was from 50 t o  100. A i r  sampled from t h e  plume w a s  t aken  i n t o  a 
mixing chamber which was a 2 m long ,  20 cm diameter aluminum pipe .  S i x  samplers  
were loca ted  in t h e  f a r  end of t h e  p ipe .  Each sampler c o n s i s t e d  of  a s e c t i o n  o f  
5 cm diameter p ipe  which contained an impactor a t  i t s  upstream end and a f i l t e r  
ho lder  a t  i t s  downstream end. Bypass a i r  flow was maintained in t h e  p ipe  t o  provide  
i s o k i n e t i c  sampling condi t ions .  S i n g l e  s t a g e  impactors wi th  c u t  p o i n t s  a t  2 .5 ,  1 . 2 ,  
0 .6 ,  0.3, and 0.1 Um were used. One sampler which contained no impactor was used to 
sample t h e  t o t a l  a e r o s o l  concent ra t ion .  Samples were c o l l e c t e d  on 37 mm diameter 
quar tz  f i l t e r s  f o r  o r g a n i c  and e lementa l  carbon a n a l y s i s  by thermo-optical  carbon 
a n a l y s i s  (1,Z). Samples were a l s o  c o l l e c t e d  on Teflon f i l t e r s  f o r  a n a l y s i s  by 
x-ray f luorescence .  

of t h e  burning c o n d i t i o n s ,  f u e l  type ,  and s t o v e  type.  In o r d e r  t o  examine t h e  range  
of v a r i a t i o n  of wood smoke c h a r a c t e r i s t i c s ,  a s e r i e s  of  tests which bracke ted  t h e  
t y p i c a l  burn c o n d i t i o n s  in r e s i d e n t i a l  a p p l i c a t i o n s  was used. These c o n s i s t e d  of 
burning hot (with t h e  damper full open) and burning cool  (with t h e  damper c l o s e d ) .  
Tes t ing  was done w i t h  a convent iona l  box type  a i r - t i g h t  s t o v e  i n s t a l l e d  i n  a r e s i -  
dence. The f l u e  p i p e  w a s  20 cm i n  diameter and r o s e  v e r t i c a l l y  from t h e  top  of t h e  
s tove  f o r  a d i s t a n c e  of 3 .5  m.  Enough a i r  leaked i n t o  t h e  s t o v e  w i t h  t h e  damper 
c losed  t o  maintain combustion. This is a t y p i c a l  burn condi t ion  f o r  r e s i d e n t i a l  
hea t ing .  
( q u a r t e r  s e c t i o n s  out of a 25 cm diameter log)  t h a t  were about 0 .5  m long.  With 
t h i s  s i z e  f u e l  load (about one-quarter of t h e  s t o v e  c a p a c i t y )  a reasonably  i n t e n s e  
f i r e  could be maintained when t h e  damper was f u l l y  open. By opening o r  c l o s i n g  t h e  
damper, opera t ing  c o n d i t i o n s  could be changed from hot  o p e r a t i o n  to cool  o p e r a t i o n  
o r  v i c e  v e r s a .  A t e s t  was s t a r t e d  by adding t h e  f u e l  load  to a bed of c o a l s .  Sam- 
p l i n g  was s t a r t e d  10-15 minutes a f t e r  f u e l  a d d i t i o n  so a s  t o  be r e p r e s e n t a t i v e  of 
average continuous burning where wood is added p e r i o d i c a l l y  to mainta in  a c o n s t a n t  
hea t  ou tput .  
samples f o r  a n a l y s i s ,  u s u a l l y  10-20 minutes.  

In  a l l  cases  t h e  p a r t i c l e s  emi t ted  dur ing  hot  burn ing  were s i g n i f i c a n t l y  d i f -  
f e r e n t  from those  emitted d u r i n g  cool  burning. 
t h e  sampled a i r  w a s  from t h r e e  to s i x  t imes g r e a t e r  f o r  c o o l  burn plumes than i t  w a s  
f o r  h o t  burn plumes. However, t h e  hea t  ou tput  of t h e  s t o v e  was much l e s s  dur ing  a 
c o o l  burn than it w a s  f o r  a hot  burn. During h o t  burn ing  t h e  plume w a s  almost in- 
v i s i b l e .  The co lor  of  t h e  c o l l e c t e d  a e r o s o l  was b lack  and up to 60% of its carbon 
content  was in t h e  form of e lementa l  carbon. 

P a r t i c l e s  sampled in t h i s  manner should be more r e p r e s e n t a -  

Sampling was u s u a l l y  done about 1 . 5  m from t h e  s t a c k  on days when 

The composition and s i z e  d i s t r i b u t i o n  of wood smoke a e r o s o l s  a r e  a f u n c t i o n  

Fuel loads  were u s u a l l y  t h r e e  to f o u r  p i e c e s  of well-aged Douglas f i r  

The l e n g t h  of t h e  sampling per iod  was chosen t o  o b t a i n  a p p r o p r i a t e  

Q u a l i t a t i v e l y  t h e  mass loading  i n  

The a e r o s o l  mass was p r i m a r i l y  i n  

109 



p a r t i c l e s  below 0.6 J I ~  i n  diameter .  
t i o n s  d u r i n g  ho t  b u m  c o n d i t i o n s .  

t y p i c a l l y  a s s o c i a t e d  w i t h  r e s i d e n t i a l  wood burning. 
o s o l  ranged from l i g h t  yel low t o  dark t a n .  
d i s t r i b u t i o n s  as  a f u n c t i o n  of s i z e  f o r  coo l  burn tests. 

burns, a s  noted p rev ious ly ,  e lemental  carbon predominated, but i n  coo l  burn condi- 
t i o n s  most of t h e  carbon was organic .  S i z e  d i s t r i b u t i o n s  of o rgan ic ,  e l emen ta l ,  and 
t o t a l  ( i . e . ,  o rgan ic  p l u s  e lemental  carbon) a r e  given i n  Table 3 f o r  bo th  ho t  and 
cool  b u m  c o n d i t i o n s .  These r e s u l t s  i n d i c a t e  t h a t  t h e  mass d i s t r i b u t i o n  of carbon 
in  cool b u m s  i s  s h i f t e d  t o  l a r g e r  p a r t i c l e  s i z e s  r e l a t i v e  t o  t h e  hot  burn cases .  

broadly d i s t r i b u t e d  i n  t h e  f i n e  ae roso l  mode and t h a t  t h e i r  composition can va ry  
widely a s  a func t ion  of b u m  temperature .  
sols a r e  con t inu ing .  
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TABLE 1 

Percent  of a e r o s o l  mass i n  given s i z e  ranges for ho t  s t o v e  burns.  

Stove Temperature ("C) C0.3 pm 0.3-0.6 0.6-1.2 >1 .2  

650 39 41  20 0 

550 56 30 9 5 

550 40 1 8  2 1  2 1  

430 56 28 0 15  

TABLE 2 

Percent  of a e r o s o l  mass i n  given s i z e  r anges  for coo l  s t o v e  burns.  

Stove Temperature ("C) ~ 0 . 3  pm 0.3-0.6 0.6-1.2 > 1 . 2  

260 53 5 36 7 

230 46 7 15  32 

220 35 0 60 5 

200 36 2 32 30 

TABLE 3 

Percent  of organic ,  e l emen ta l ,  and t o t a l  carbon i n  given a e r o s o l  s i z e  ranges.  

S i z e  Range Organic Carbon Elemental Carbon T o t a l  Carbon 

HOT BURN 

< 0 . 3  pm 37 43 39 

0.3-1.2 39 49 42 

> 1 . 2  24 8 19 

~ 0 . 3  pm 18 22 19  

0.3-1.2 49 37 47 

>1.2 33 41 34 

COOL BURN 
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